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 Escherichia coli is an important micro-organism used for production of various 
chemicals and proteins. The bacterium has been studied extensively for over 100 years, 
and it has been instrumental to both the basic understanding of biology and modern 
developments in the medical and biotechnology fields. In order to further knowledge in E. 
coli, it is important to fully understand metabolic regulation. Topics of particular interest 
include: maximization of growth yield, which is important for maximizing production of 
proteins both in lab and industrial scale processes; regulation of substrate utilization, 
which can allow engineering of strains that can efficiently consume any desirable 
substrate/mixture of substrates; and finally, elimination of undesirable side products, such 
as acetate, which reduces productivity and can be toxic to the cells.  
 In the following studies, we discuss three major projects which study one or more 
of the above topics. The first is a study of the impact of amino acids in complex mixtures 
of nutrients on sugar utilization. We specifically study growth and glucose consumption in 
the common laboratory growth medium, tryptone broth. We next demonstrate that without 
a buffer, the excess carbon with go to acetate which will dramatically reduce the culture 
pH and eventually inhibit acetate re-assimilation. Finally, we discuss a method of isolating 
high growth yield strains of E. coli by privatizing nutrients. 
Growth and substrate utilization in complex media 
Complex media are often used for cultivation of various bacteria due to the 
abundance and variety of nutrients available. A lot of metabolic regulation has been 
studied in defined media, often consisting of one or two carbon sources. There can be 
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more complicated regulatory behavior to uncover by studying growth and substrate 
utilization in complex media. However, the complexity of the medium can obscure the 
reasons for culture behavior – including components that may regulate carbon and 
nitrogen metabolism or those that limit cell growth. In Chapter 2, we investigated 
glucose consumption and growth in a complex peptide-based medium. We observed 
that Escherichia coli consumed glucose slowly during exponential growth and only 
consumed 25% of the sugar before the culture entered stationary phase. We found that 
amino acids are consumed simultaneously with glucose during early and middle 
exponential growth. We determined that magnesium limitation is the reason growth is 
limited. Magnesium supplementation to TB7/glucose permits complete glucose 
utilization before stationary phase, which also increases cell growth three-fold by OD600. 
Finally, since acetylation is intimately linked to glucose consumption and acetate 
fermentation, we asked how acetylation compared between magnesium-limited and 
magnesium-replete cells. Cells with the magnesium-dependent growth increase had 
reduced acetylation compared to their magnesium-limited counterparts. We propose 
that peptide-based media have potential for more cell growth, which can be achieved 
through supplementation with excess carbon and magnesium. Furthermore, we can 
reduce acetylation without genetically manipulating E. coli. This has the potential to 
reduce formation of deleterious acetylated isoforms of recombinant proteins without 
negatively affecting cell growth. 
The acetate switch is inhibited in acidic growth media 
 Escherichia coli produces acetate during aerobic growth on various carbon 
sources. Following consumption of the carbon substrate, E. coli can further grow on the 
iv 
acetate. This phenomenon is known as the acetate switch, where cells transition from 
producing acetate to consuming it. In Chapter 3, we investigated how pH governs the 
acetate switch. When E. coli was grown on a glucose-supplemented medium initially 
buffered to pH 7, the cells produced and then consumed the acetate. However, when the 
initial pH was dropped to 6, the cells still produced acetate but were only able to consume 
it when little (<10 mM) acetate was produced. When significant acetate was produced in 
acidic media, which occurs when the growth medium contains magnesium, amino acids, 
and sugar, the cells were unable to consume the acetate. To determine the mechanism, 
we characterized a set of metabolic mutants and found that those defective in the TCA 
cycle or glyoxylate shunt exhibited reduced rates of acetate consumption. We further 
found that expression of the genes in these pathways was reduced during growth in acidic 
media. Expression of the genes involved in the AckA-Pta pathway, which provides the 
principal route for both acetate production and consumption, were also inhibited in acidic 
media but only after glucose was depleted, which correlates with the acetate consumption 
phase. Based on these results, we conclude that growth in acidic environments inhibits 
the expression of the acetate catabolism genes, which in turn prevents acetate 
consumption. 
Enriching strains of E. coli with a high growth yield 
 It is often desirable to obtain strains with a high growth yield for bioproduction 
purposes. These are strains that are capable of most efficiently converting some feed 
substrate into biomass, including protein. However, standard evolutionary procedures 
involving serial passage in liquid media in flasks select for strains with a high growth rate, 
but a low growth yield. In Chapter 4, we attempted to isolate high growth yield strains on 
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xylose by privatizing resources to individual cells. We chose xylose because it is the 
second most abundant sugar in lignocellulosic feedstocks. We accomplished this using 
an emulsion-based media approach which isolates individual cells, or small numbers of 
cells, into single droplets of nutrients. The cells which utilize their allotment of nutrients to 
produce the most biomass will be present in the highest number once the growth is 
stopped. Using this approach, we enriched two different high growth yield strains with 
different mutations in carbon catabolite repression relevant genes. We were able to 
confirm the mutations we found allowed for improved growth yield by moving them over 
into a wild type background. The strains showed similar growth rate to wild type, though 
their sugar utilization what slightly slower and thus mixed acid fermentation was reduced. 
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CHAPTER 1: INTRODUCTION 
 
1.1 ESCHERICHIA COLI AND THE MOTIVATION FOR STUDYING IT 
E. coli is a gram-negative, rod-shaped bacterium which can be found in the lower 
intestine of warm-blooded organisms. It is a facultative anaerobic. It is well known in the 
public as a pathogen, but the E. coli strains found in the gut as a part of the normal human 
microbiota are harmless and are responsible for producing vitamins for their host, such 
as vitamin K2. Some strains of the bacterium are heavily studied in research laboratories 
and for this reason, E. coli is the most studied organism.  
The ancestor to one of the common laboratory strains of E. coli, strain K-12, was 
isolated from a stool sample of a diphtheria patient by Blair in Palo Alto, California 
(Bachmann. 1996). The strain was passed around and studied with the specific intent to 
investigate genetics. The bacterium proved to be quite good for this purpose as it has 
simple growth requirements which permit the use of defined media. It also has a short 
generation time which allows the study of very large populations of isogenic progeny 
leading to accurate characterization of very rare genetic events. For these reasons, the 
organism because very popular for studying biological phenomena and led to major 
discoveries and innovations in biology. The elucidation by Crick et al of the genetic code 
being composed of codons of DNA which encode the amino acids of proteins was 
performed in E. coli (Crick et al. 1961). The first replication of recombinant DNA was 
performed by transforming E. coli with constructed plasmids (Cohen et al. 1973).  
 While E. coli is among the best studies organisms in history, there are still many 
active areas of research. For example, metabolic regulation is extremely complicated. 
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Many existing models simply ignore various important aspects of regulation such as 
feedback regulation. In the following studies, we attempt to identify some missing aspects 
of E. coli metabolism by studying growth in complex mixtures of nutrients and attempting 
to improve growth yield in a defined medium.   
 
1.2  REGULATION OF CARBON SUBSTRATE UTILIZATION 
In order to have appropriate fitness that holds up to diverse environments, bacteria 
must be capable of responding to changes in the types of available nutrients. The cells 
only need some subset of enzymes to grow on any substrate. Thus, to maximize fitness, 
cells can modulate gene expression to only produce enzymes needed for the available 
resources. Much of the research on this topic has been focused on how cells regulate 
gene expression to select which sugar to consume first, given the choice of more than 
one. The most studied example of this was first observed when presence of glucose was 
shown to decrease the activity of various enzymes in bacterial cell extracts. This became 
known as the glucose effect, whereby cells will choose to consume glucose first and will 
activity decrease the expression of genes encoding proteins required for the metabolism 
of other sugars (Roseman and Meadow 1990). Some early observations of this behavior 
involved cells growing initially on one sugar, stopping growth to express the needed 
enzymes for the second sugar, and resuming growth. This behavior is known as diauxic 
growth and was studied in E. coli by Jacques Monod (Jacob and Monod 1961). The 
phenomena became known as carbon catabolite repression (CCR).  
Carbon catabolite repression has been extensively studied since first being 
characterized. Several interconnected mechanisms and pathways have been discovered 
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to play major roles in CCR. Most notably, the bacterial phosphoenolpyruvate 
(PEP):carbohydrate phosphotransferase system (PTS) is directly responsible for the 
uptake of several sugars, including glucose. A diagram of the glucose specific PTS is 
shown in Figure 1. The PTS system involves the transfer of a phosphate group donated 
from phosphoenolpyruvate (PEP) between several cytoplasmic enzymes and terminating 
with a complex of membrane bound enzymes which transfer the phosphate group to the 
sugar, allowing the sugar to cross the membrane from the periplasm and enter 
metabolism.   
The first two enzymes of the PTS system are not sugar specific and can be 
involved in the transport of any of the PTS sugars. These generic PTS enzymes are 
enzyme 1 (E1), encoded by the gene ptsI, and the histidine protein (HPr), encoded by 
ptsH. HPr transfers the phosphate group to the first of the sugar specific enzymes. The 
exact makeup of the sugar-specific enzymes varies somewhat by sugar, but they are 
similar.  For the glucose specific PTS, enzyme II (EIIA), encoded by crr, is a soluble 
enzyme which accepts the phosphate group from HPr and transfers it to the membrane 
bound complex (EIIBC), encoded by ptsG. EIIBC finally transfers the phosphate group to 
the sugar which occurs simultaneously with transport. There are several other sugars 
which are transported by this system, including fructose, mannose, trehalose, and 
sorbitol.  
The PTS system plays a bigger role in carbon metabolism than simply transporting 
PTS sugars. It also plays a direct role in regulation of secondary carbon source uptake 
and catabolism. The most well studied component of this regulation with the glucose 
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specific system involves enzyme IIA. Enzyme IIA mediates the two major mechanisms of 
CCR: cAMP-CRP dependent and inducer exclusion.  
 
1.3  CATABOLITE REPRESSION: CAMP-CRP DEPENDENT  
 A common method employed by E. coli for regulating metabolism is using 
transcriptional regulators which bind upstream of genes, at promoters, and either block 
transcription or are required for transcription to start. These are known as transcriptional 
regulators, and there are several known to be used by E. coli. The most studied 
transcriptional regulator in E. coli, and other bacteria, is known as the cAMP-CRP 
complex. The activated complex is composed of a protein called cAMP receptor protein 
(CRP), or sometimes referred to as catabolite activator protein (CAP) and cyclic 
adenosine monophosphate (cAMP). CRP is encoded by the gene crp and is known to 
play a major role in CCR.  cAMP is produced by the enzyme adenylate cyclase (AC) 
encoded by the gene cyaA. cAMP-CRP transcriptional regulator is known to be involved 
in regulating expression of over 280 genes. Many carbon sources require transcriptional 
activation by cAMP-CRP of the genes encoding their catabolism to be consumed. Even 
glucose has its membrane bound transporters under the control of cAMP-CRP.  
 CRP regulates gene expression of at least 283 operons (Ishihama, Shimada, and 
Yamazaki 2016). The consensus DNA binding recognition sequence of the cAMP-CRP 
complex is 5'-AAATGTGATCTAGATCA-CATTT-3' (Ebright, Ebright, and Gunasekera 
1989; Berg and von Hippel 1988). 
 When cAMP binds to CRP, a conformation change occurs allowing the complex to 
bind to DNA and RNA polymerase to begin transcription at certain promoters (Saha et al. 
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2015). The cAMP-CRP complex can also block transcription, depending on where the 
complex binds in relation to the RNA polymerase binding site. There are two cAMP 
binding sites on CRP, a high affinity (anti) and low affinity site (syn) (Mukhopadhyay, Sur, 
and Parrack 1999; Heyduk and Lee 1989). The cAMP binding to the anti cAMP binding 
site is known to increase transcription from cAMP-CRP DNA binding regions ~1000-fold, 
while cAMP binding the syn binding site is known to decrease transcription from these 
promoters (Green et al. 2014; Passner and Steitz 1997). The former is caused by 
intermediate concentrations of cAMP (~20 µM), and the latter is caused by higher 
concentrations of cAMP (~ 1mM). Thus, transcription from cAMP-CRP dependent 
promoters has a strong dependence on the intracellular concentration of cAMP.  
 For much of the time during which CCR has been studied, the reduction in cAMP-
CRP levels during growth on glucose were thought to be the primary cause of catabolite 
repression. As studies continued in this area, a more specific mechanism for this provided 
to be that cAMP production has a dependence on the phosphorylation state of enzyme 
IIAGlc. cAMP is produced from ATP by adenylate cyclase (AC), encoded by the gene cyaA. 
The phosphorylation state of enzyme IIAglc depends on, among other things, whether 
glucose is available to be transported. When glucose is not available for transport, the 
ratio of phosphorylated to unphosphorylated EIIAglc is higher. Phosphorylated EIIglc is 
required to activated AC in order to produce cAMP. Thus, glucose has a direct role in 
regulating the transcription of genes required for secondary carbon source consumption 
by reducing cAMP levels which reduces cAMP-CRP levels. Previously, it was thought that 
the signal of carbon availability, α-ketoglutarate (also known as 2-oxoglutarate, αKG), 
could directly inhibit adenylate cyclase (Daniel and Danchin 1986), as seen by reduction 
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in cAMP in cells supplemented with αKG.  However, more recent evidence indicates αKG 
likely inhibits AC indirectly via E1 by preventing the PTS phosphate transfer cascade 
(Doucette et al. 2011). 
 
1.4  CATABOLITE REPRESSION: INDUCER EXCLUSION 
 In addition to cAMP-CRP regulation for the control of CCR, E. coli also can use a 
mechanism known as inducer exclusion. This process involves preventing the inducer of 
some operon encoding proteins necessary for metabolism of a carbon substrate from 
activating transcription. An example of this is the catabolite repression of lactose, and the 
lactose operon (lac). The lac operon contains lacZ, lacY, and lacA. The first two genes 
encode proteins necessary for the consumption of lactose. β-galactosidase is encoded 
by lacZ. This protein cleaves lactose into glucose and galactose, which can then enter 
into metabolism via other pathways. The lactose transporter is encoded by lacY. 
Upstream of these genes is lacI, which is the lac operon repressor. When there is no 
lactose, the LacI binds to the promoter region of the lac operon, preventing transcription. 
Lactose binds to LacI, keeping it from binding to the promoter. Thus, lactose is necessary 
for induction of the operon. EIIAglc is also involved in the other mechanism of CCR. When 
glucose is present, EIIAglc is found more in the unphosphorylated state. Unphosphorylated 
EIIAglc inhibits LacY, the transporter of lactose. Thus, lactose uptake is inhibited in the 
presence of glucose. Lactose then cannot get into the cell to bind to LacI. This causes 
the lac operon to not be induced. This form of catabolite repression is known as inducer 
exclusion. The relative contributions of inducer exclusion vs cAMP-CRP activation are a 
subject of much debate.  
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1.5  NITROGEN AND CARBON REGULATION 
 While carbon catabolite repression has been an area of intense research for 
decades, there has been some effort on uncovering similar regulatory behaviors for 
selecting nitrogen sources by E. coli. For nitrogen, the most comparable nitrogen source 
to glucose is ammonia. It permits the fastest growth rates, is considered the ‘most 
preferred’ nitrogen source, and is the only nitrogen source which can be assimilated 
aerobically (Reitzer 2003). The bulk of ammonia is assimilated via glutamate 
dehydrogenase, encoded by gdhA, or glutamate synthase, encoded by glnA (Reitzer 
2004). Gdh catalyzes formation of glutamate via transamination of α-ketoglutarate. GS 
transaminates glutamate with NH3 to produce glutamine, at the expense of ATP. The 
glutamine from GS can then catalyze the formation of two molecules of glutamate via 
GOGAT. A schematic of these two pathways is shown in Figure 1.2. These processes 
are not equivalent, however, as they have different affinities (GS has a much lower Km 
for ammonia) and are not energetically equivalent. It might be clear from this description 
alone that glutamine and α-ketoglutarate play an important role in nitrogen metabolism. 
But they are also important for signaling to regulatory systems the nitrogen and carbon 
status of the cell.  
 The nitrogen regulatory system is rather complex and is shown in Figure 1.3 and 
Figure 1.4.  PII, encoded by glnB, can be uridylated by a UTase/de uridylated UT 
removing protein. Unmodified PII activates inactivation of GS by activating adeynlation 
activity by an ATase and represses its removal by inhibiting AT removal protein. UMP-PII 
has the opposite regulation as PII. Glutamine and PII both have the same regulatory 
behavior, allowing glutamine to signal nitrogen availability and reduce GS activity. 
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Additionally, both glutamine and PII inhibit UT removal protein of PII and activate UTase, 
causing further inhibition of GS. Carbon status is also integrated into this system, as α-
ketoglutarate inhibits PII, allowing carbon excess to signal the need for more nitrogen 
uptake via GS activity (van Heeswijk, Westerhoff, and Boogerd 2013). Finally, α-
ketoglutarate has been shown to signal carbon availability directly to the sugar transport 
system by inhibiting E1 of the PTS by blocking PEP from transferring its phosphate group 
(Doucette et al. 2011).  α-ketoglutarate accumulates during nitrogen limitation or carbon 
excess, so in this way E. coli can signal nitrogen limitation to the carbon transport 
systems. One question we had in this study was whether carbon and nitrogen acquisition 
regulation might be coupled when amino acids, simultaneously a carbon and nitrogen 
source, are present in the growth media. A recent paper tested a similar question in well 
controlled bioreactors and found that glucose consumption rate is regulated by the 
presence of amino acids (Baez et al. 2019). Our findings which suggest amino acids are 
either consumed simultaneously with glucose, or inhibit glucose, can be found in Chapter 
2.  
 
1.6 OVERFLOW METABOLISM AND MIXED ACID FERMENTATION 
 During high growth rates on a sugar substrate, E. coli will produce acetate through 
a mechanism known as overflow metabolism (Figure 1.4). For example, to completely 
oxidize a glucose, the cell must synthesize all enzymes of glycolysis and the TCA cycle. 
During high growth rates, it can be advantageous to support high flux through glycolysis 
but incompletely oxidize the substrate to acetate instead of matching the flux in the TCA 
cycle. During growth in amino acids, glucose minimal, or batch bioreactors fed with 
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glucose, acetate with accumulate while the glucose or amino acids are consumed. Once 
the glucose is fully consumed, or a specific set of the amino acids are consumed, the 
acetate can be re-assimilated through a process known as the acetate switch (Wolfe 
2005). The principle of the acetate switch will be discussed in more detail in Chapter 3.   
 Acetate is an important metabolite for studying in E. coli because it accumulates 
during the high growth rates seen in fermentation processes. It can be toxic to the cell 
and it is typically desirable to find ways to optimize a bioproduction process such that 
acetate accumulation is reduced (Eiteman and Altman 2006; De Mey et al. 2007). Acetate 
production and consumption occurs via three independent pathways (Figure 1.5). The 
bulk of acetate production occurs via the phosphotransacetylase-acetate kinase (Pta-
AckA) pathway, which is primarily active during exponential phase (Dittrich, Bennett, and 
San 2005). Active primarily during stationary phase, pyruvate oxidase (PoxB) is also 
capable of producing acetate. However, PoxB is irreversible, as it involves the loss of 
CO2. Acetate can also be re-assimilated via two pathways. At higher concentrations, 
AckA-Pta is reversible and can convert acetate into acetyl CoA. Finally, acetyl coA 
synthetase (Acs) can scavenge for low concentrations of acetate, also converting it into 
acetyl coA.   
 An important aspect of acetate production is protein acetylation. In fact, we recently 
show that protein acetylation specifically results from conditions that favor acetate 
fermentation (Schilling et al. 2019). Protein acetylation is a common post translation 
modification that is well studied in eukaryotes and affects thousands of proteins. The 
acetylation of histones was first discovered in 1963 (Phillips 1963). However, it was not 
until relatively recently that evidence became clear that protein acetylation is also 
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common in bacteria. Early proteomic analysis in 2008 revealed 125 acetylated lysines in 
95 proteins in E. coli (Yu et al. 2008). There are two mechanisms through which protein 
acetylation can occur at lysine residues. The first occurs enzymatically via a lysine acetyl 
transferase (KAT), which uses acetyl coA as an acetyl source. The second mechanism is 
the more abundant of the two and depends on acetyl phosphate, a high energy 
intermediate of acetate metabolism (Wolfe 2005). Figure 1.6 shows a diagram of these 
two acetylation mechanisms.  
 E. coli is capable of using several compounds as electron acceptors, including 
oxygen, fumarate, nitrate, nitrite, trimethylamine oxide, or dimethyl sulfoxide (Unden and 
Bongaerts 1997). When it is unable to utilize an exogenous electron acceptor, E. coli will 
ferment and excrete mixed acids (Clark 1989) (Figure 1.7). 
 
1.7 EMULSION IN BIOTECHNOLOGY 
 We next review the use of emulsions in biological systems. We will discuss a 
specific application used in Chapter 4. The method and oil used to generate the emulsion 
and oil used in Chapter 4 is shown in Figure 1.8.  
 In recent decades, the genetics and bacterial field began to explore the use of 
emulsions for bacterial growth. The undesirable potential for microbial growth in 
emulsions due to its inherent isolation was studied early in this period. In 1975, Schaffner 
and his team found that several Gram-negative rods, including Escherichia coli, were 
capable of growing and multiplying in lipid emulsions, with growth rates regardless of 
inoculum size (Melly, Meng., and Schaffner 1975). The highlight of their study is that 
human serum – when added to the lipid emulsion – inhibited growth of E. coli, but not the 
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other bacteria. At the end of their 24 hour runs, the various inoculum sizes finished with 
the same concentration of organisms. 
 Growth of bacteria was studied to determine the microbial growth patterns in fat 
emulsions. It was found that E. coli displayed substantial growth in emulsion within 12 
hours (Keammerer D 1983). Of the tested bacteria, E. coli showed a more favorable 
growth pattern than Psudomonas aeruginosa and Candida albicans. While the context of 
this study pertains to the health aspects of microbial growth in commercial consumer oil 
(soybean and safflower oil were tested), their results provided a start in the study of 
microbial growth in emulsion. It showed that E. coli has potential for growth under 
encapsulation conditions, namely lipid and oil emulsion. 
 The 1983 paper influenced a study in 2014 that explored the factors impacting E. 
coli growth. They looked at growth with and without lipid emulsion, as well as the effects 
of glucose concentration, osmolarity, and the nonnitrogen energy density (Austin, Hand, 
and Elia 2015).  Their results show that E. coli had higher viable cell count when grown 
in lipid emulsion, meaning enhanced growth. It was more pronounced at low glucose 
concentrations and less significant at higher glucose concentrations. Similar findings were 
reported for nonnitrogen energy densities. For an evolution experiment, the results from 
this paper would support the use of minimal media to select for better growing E. coli.  
 Shifting towards a focus on evolution of E. coli, Cooper and Lenski observed in 
2010 the evolution effects of 7 resource environment conditions (Cooper and Lenski 
2010). Foremost, they found that all tested populations of E. coli adapted to the selective 
environments over 2000 generations. Populations that grew in the glucose group saw a 
fitness improvement of 21% while populations that grew in the lactose group saw a 43% 
12 
improvement. The paper did not grow the populations in an encapsulated emulsion 
environment, but their findings show that limited resource conditions result in better 
growing E. coli. Much like the aforementioned papers, populations growing in lower 
concentrations of glucose produce better growing E. coli. 
 Other features, aside from growth, have been studied in evolution experiments. 
Evolution of antibodies in E. coli  has been investigated using micro-emulsions (Buhr DL 
2012). Their methods involved growth of phage in aliquots, then infecting exponentially 
growing E. coli with the phage, and followed by steps to promote generation of the desired 
antibody. The E. coli were then compartmentalized. After growth in emulsion with phage, 
compartments which started with bacteria containing the proper antibody had multiple 
cells with the desired antibody. This study serves as an example of how emulsion can be 
used to increase the concentration of the desired strain post-growth. Growth in emulsion 
could mean that compartments starting with the desired mutation would end up with many 
copies of the desired mutation. Simultaneously, compartments that do not contain the 
desired mutant strain at start may not survive after selection. In this study, they coated 
the beads with the antigen to select for strains with the desired antibody during emulsion.  
 Another study explored a different feature that is polymerase function. Ghadessy 
in 2001 used a strategy called compartmentalized self-replication (CSR) to direct the 
evolution of polymerases (Ghadessy, Ong, and Holliger 2001). This strategy essentially 
involves propagating E. coli in water-oil emulsion and screening for the desired strain. 
With their method, selection didn’t happen during emulsion, but before and after. The 
conditions for pre-emulsion growth were determined depending on the desired strain; they 
aimed to promote the occurrence of the desired strain. Emulsion was used so that growth 
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of the positive strains occurred in greater numbers within compartments. Once the 
compartments were broken, selection continued with designed primers. At the end, three 
cycles of CSR on E. coli resulted in 11-fold higher thermostability and 130-fold increased 
resistance to the inhibitor heparin. This study utilized emulsions for its compartments, and 
the compartments enabled the directed evolution. This paper shows how the steps 
preceding and following propagation in emulsion can be useful in the selection and 
screening process.  
 The method of CSR has been cited by other papers for different bacteria. The 
same scientists (Ghadessy and Holliger) used it to evolve T. aquaticus six years after the 
release of the previous paper outlining CSR on E. coli (Ghadessy and Holliger 2007). 
They showed CSR to be useful for the directed evolution of T. aquaticus for the 
polymerase gene. They attributed it to the ability for bacteria to replicate in discrete non-
communicating compartments, thus ensuring that each polymerase only replicates its 
own encoding gene. 
 CSR was seen again in 2013, but by a different group, when Ellefson utilized the 
method to evolve a T7 RNA polymerase variant in E. coli (Ellefson and al 2014). Ellefson 
had the emulsion bubbles undergo PCR to direct the evolution of the polymerase. The 
method was shown to be useful because it came with fewer of the side-effects from other 
evolution methods. Early on, the authors stated that other evolution methods suffer from 
inadvertent evolutions due to uncontrolled selective pressures. In other words, random 
mutations can occur and carry on through many generations. By encapsulating E. coli, 
the specific mutation can be carefully selected as replication occurs in a separate 
individual spatial compartment without interference of neighboring cells. 
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 Other traits can be selected for by directed evolution using emulsion. Emulsion 
was used to select for serum paraoxonase mutants (PON1) of E. coli with 100-fold greater 
thiolactonase (Aharoni A 2005). They intentionally designed a large excess in the number 
of droplets in the emulsion (>1010) compared to the number of cells. This led to most 
droplets being empty. The benefit in doing so is a decrease in the likelihood of multiple E. 
coli cells ending up in the same droplet.  
 Emulsion has been used to select for desired mutants at various degrees. Some 
studies solely depend on it, while others use it in supplement with PCR or antibody 
selection methods. All of them show the viability of using oil-water emulsion for directed 
evolution of E. coli. Some even praise the benefit of using emulsions over other methods 
as emulsions result in a more selected and isolated evolution. Design of the emulsion 
technique varies in every aforementioned paper and it depends on the desired selection. 
Emulsions provide many possibilities for evolution, and it is a worthy candidate for the 




1.8 CHAPTER 1 FIGURES 
 
Figure 1.1: The glucose-specific phosphotransferase system (PTS). The glucose-
specific PTS system is the principal route for the uptake of glucose. The phosphate group 
is indicated as the red circle which originates on PEP and ends on glucose-6-phosphate. 
The first step of glycolysis, glucose to glucose-6-phosphate (G6P), is accomplished 
simultaneously with transport via EIIBCglc.  
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  Figure 1.2: Nitrogen assimilation via glutamate hydrogenase and glutamate 
synthetase for NH3.  A) Glutamate dehydrogenase (GDH) aminates α-ketoglutarate with 
NH3 to produce one glutamate with a low affinity for NH3. B) Glutamate synthase (GS) 
aminates glutamate at the expense of ATP to produce glutamine with high affinity for NH3, 
glutamine 2-oxoglutarate amidotransferase (GOGAT) then converts the glutamine to two 




Figure 1.3: The nitrogen regulation system. PII, encoded by glnB, can be uridylated 
by a UTase/de uridylated UT removing protein. Unmodified PII activates inactivation of 
GS by activating adeynlation activity by an ATase and represses its removal by inhibiting 
AT removal protein. UMP-PII has the opposite regulation as PII. Glutamine and PII both 
have the same regulatory behavior, allowing glutamine to signal nitrogen availability and 
reduce GS activity. Additionally, both glutamine and PII inhibit UT removal protein of PII 
and activate UTase, causing further inhibition of GS. Carbon status is also integrated into 
this system, as α-ketoglutarate inhibits PII, allowing carbon excess to signal the need for 
more nitrogen uptake via GS activity. 
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Figure 1.4: Overflow metabolism in Escherichia coli. Overflow metabolism results 
from high growth rate conditions in which flux through glycolysis exceeds the capacity of 






Figure 1.5: Production and consumption of acetate in E. coli. Acetate is produced via 
pyruvate oxidase and phosphotransacetylase/acetate kinase pathways. It can be 





Figure 1.6: Mechanisms of protein acetylation in bacteria.  Protein acetylation is a 
post-translational modification which results from conditions that favor acetate 
fermentation. There are two pathways through which an acetyl group can be added to the 
terminal amine of a lysine. The first is the more common of the two: non-enzymatically 






Figure 1.7: Mixed acid production during fermentative growth in E. coli. The acids 
produced during anaerobic growth without any exogenous electron acceptors include 
those circled in red. Acetate is also produced in aerobic growth during high growth rates 
via overflow metabolism.  
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Figure 1.8: Generating emulsions in laboratory for evolution experiments. We can 
generate emulsion in laboratory by mixing some aqueous phase with an immiscible oil 
phase and a compatible surfactant, and vortexing the components for several minutes. 
The biocompatible liquid we use for our studies is HFE-7500, an engineered heat transfer 
fluid that has good oxygenation capacity. 
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CHAPTER 2: GROWTH OF E. COLI IN COMPLEX MEDIA1 
 
2.1 BACKGROUND  
 Much work on metabolic regulation in bacteria is performed in defined media. This 
is a logical choice, as one can have complete control over the exact amounts and 
identities of any supplemented nutrients. However, growth and maintenance of microbial 
cultures is often performed in complex media. Often this medium is composed of tryptone, 
or other amino acid sources. For example, lysogeny broth (LB) is composed of tryptone 
and yeast extract occasionally supplemented with sodium chloride. The desired 
feedstocks for bioproduction are complex mixtures of nutrients, such as waste streams 
from agricultural refuse. Thus, studying the behavior of E. coli in more complicated growth 
media may be useful to determine more complicated behavior that may have a major 
impact on physiology and production in industrial processes. Ideally, we can determine a 
phenomenon in the complex medium and then attempt to make a defined medium to 
mimic this behavior such that we can more fully understand the factors causing the 
behavior.  
 In this chapter, we primarily focus on sugar consumption in peptide-based media. 
We compare the growth of the culture with this glucose consumption. There are two 
                                            
1 Portions of this chapter are adapted from Christensen, Orr et al 2017 Applied and Environmental 
Microbiology “Increasing growth yield and decreasing acetylation in Escherichia coli by optimizing the 
carbon-to-magnesium ratio in peptide-based media” (Christensen et al. 2017) in accordance with the 
American Society for Microbiology’s policy on author dissertations.  
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stages of growth that we focus on: early hour consumption of glucose and stationary 
phase consumption of glucose. We discuss protein acetylation in this complex, peptide-
based medium. We chose this medium, which we called TB7, because we can tune the 
levels of acetyl phosphate-dependent protein acetylation by supplementing glucose.  
 
2.2 INTRODUCTION 
 Bacteria are routinely grown in complex media containing a rich assortment of 
nutrients. One of the most widespread mediums used in molecular biology is lysogeny 
broth (LB), which is composed of tryptone and yeast exact. Together, they provide a rich 
mixture of nutrients that supports growth of numerous bacteria. However, the complexity 
of such media means the underlying reason for culture behavior is not always clear, 
especially the identity of the media components that limit cell growth.  
 To study protein acetylation, we often grow Escherichia coli in buffered tryptone 
broth (TB7) supplemented with 4 g/L glucose (TB7/gl). Under these growth conditions, 
the cells acetylate their proteins during stationary phase (Weinert, Iesmantavicius, 
Wagner, Schölz, et al. 2013; Kuhn et al. 2014; Schilling et al. 2015). This glucose-induced 
acetylation is due primarily to metabolism of the glucose to acetyl phosphate (acP) (Kuhn 
et al. 2014; Weinert, Iesmantavicius, Wagner, Schölz, et al. 2013), a metabolic 
intermediate of the Phosphotransacetylase (Pta) – Acetate kinase (AckA) acetate 
fermentation pathway (Wolfe 2005).  
 During these studies, we observed that glucose consumption appears to be 
delayed until the culture has transitioned into exponential growth. Glucose is known to be 
the preferred sugar source, promoting the highest rate of growth. It is also selected first 
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when cells are given a choice of multiple sugars in a minimal media. The best-known 
example of this is the glucose-lactose diauxie, where there are two stages of growth. One 
state involves the consumption of glucose, and the other phase occurs after glucose is 
consumed, during which time the lactose is consumed. The second phase is preceded 
by a brief stationary phase during which the cells switch their metabolic gene expression 
to lactose genes. Thus, our expectation is that either glucose would be consumed prior 
to amino acids, or perhaps during the same time. After performing experiments described 
in this chapter, we found it is likely the latter. If there is a delay in glucose consumption, 
then it is too subtle to investigate using our available methods. 
 We also found that E. coli continues to consume the glucose in TB7/gl even after 
the culture reaches stationary phase. In fact, the majority of the glucose was consumed 
after the culture had transitioned to stationary phase. This contrasts with glucose-based 
minimal media where the cells stop growing after glucose has been exhausted. Under 
these conditions, the culture enters stationary phase when the glucose is depleted. We 
also knew that the concentration of acP peaks during exponential growth in TB without 
glucose supplementation (Prüss and Wolfe 1994) and during growth in MOPS minimal 
media with glucose as the sole carbon source (Klein et al. 2007). Under both of these 
growth conditions, acP is undetectable by the time the cultures reach stationary phase. 
Taken together, these observations suggested that E. coli cells growing in TB7/gl 
acetylate their proteins during stationary phase because that is when the cells metabolize 




2.3 MATERIALS AND METHODS 
 Strains, media, and growth conditions. All strains used in this study are listed 
in are E. coli K12, including strain BW25113 and MG1655. The following media were used 
for cell growth: LB (10 g/L tryptone, 5 g/L yeast extract and 5 g/L NaCl); M9 minimal 
medium (11.3 g/L M9 salts (5x), 0.1 mM CaCl, 1 mM MgSO4, 2.45 μM ferric citrate, and 
0.03 mM thiamine); TB (10 g/L tryptone and 5 g/L NaCl); TB7 (10 g/L tryptone buffered 
at pH 7.0 with 100 mM potassium phosphate); P7 (10 g/L peptone buffered at pH 7.0 with 
100 mM potassium phosphate); CA7 (10 g/L casamino acids buffered at pH 7.0 with 100 
mM potassium phosphate); LB7 (10 g/L tryptone, 5 g/L yeast extract and 5 g/L NaCl, 
buffered at pH 7.0 with 100 mM potassium phosphate). Sugars were added to the growth 
media at a concentration of 4 g/L, unless noted otherwise. In media containing 
magnesium, MgSO4 was added to a final concentration of 1 mM, unless noted otherwise.  
 Analytical methods. Cell growth was measured by optical absorbance at 600 nm. 
Dry cell weights were determined by vacuum filtration of 4 mL of culture through pre-dried 
and pre-weighed nitrocellulose membranes. The membrane was then washed with 4 mL 
of autoclaved Milli-Q water, allowed to dry at room temperature overnight, and incubated 
at 80°C for 20 minutes before being weighed on an analytical balance to changes in mass. 
Membranes were kept in a calcium sulfate desiccator between each step to avoid ambient 
moisture absorption.   
 Glucose and acetate concentrations were measured using a Shimadzu high-
performance liquid chromatography system equipped with a RID-10A refractive index 
detector, an Aminex HPX-87H carbohydrate analysis column (Bio-Rad Laboratories, 
Hercules, CA, USA), and a cation H micro-guard cartridge (Bio-Rad Laboratories). The 
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column and guard cartridge were kept at 65°C, and 0.5 mM H2SO4 was used as a mobile 
phase at a constant flow rate of 0.5 mL/min. Prior to analysis, culture samples were first 
pelleted and then the supernatant was passed through 0.22 µm polyethersulfone syringe 
filter. Peaks were identified and quantified by retention time comparison to authentic 
standards. 
 Amino acids were measured using a protocol adapted from a previously described 
method (Kaspar et al. 2008). Norvaline was used as an internal standard for all amino 
acids. The next steps were all performed in glass tubes using glass syringes. 92 µL of 
filtered sample was mixed with 55 µL of 0.5 N NaOH. 125 µL of 4:1 propanol:picoline was 
added followed by 50 µL 5:3 propyl chloroformate:chloroforme and the mixture was 
vortexed for 10 seconds. The two phases were allowed to settle for 30 seconds and 
before another 10 seconds of vortexing. 250 µL of 1% propyl chloroformate in chloroform 
was added and the mixture was vortexed for an additional 10 seconds. The phases were 
allowed to settle for 1 minute and the bottom layer was loaded into the sample holder of 
a Shimadzu GCMS-QP2010 Plus GC-MS equipped with a ZB-AAA (Phenomenex Inc.) 
GC column (15 m × 0.25 mm I.D., 0.1 μm film thickness). The GCMS method used is as 
follows: the oven temperature was initially held at 70 °C for 1 min, raised at 30 °C/min to 
300 °C, and held for 3 min. The column flow was 1.1 mL He/min. The injection volume 
was 2.5 μL and the split ratio was 1:15. The temperature of the PTV Injector was set at 
50 °C for 0.5 min and ramped at 12 °C/s to 320 °C (5 min) 
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 Western blot analysis of protein acetylation2. Pelleted cells were lysed using 
Bugbuster protein extraction reagent (Novagen, Merck Millipore, Billerica, MA, USA). The 
amount of cell lysate loaded on the gel was normalized to the total protein concentration, 
as determined by the bicinchoninic acid (BCA) assay (Thermo Scientific Pierce, Waltham, 
MA, USA). Proteins were separated by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and normalization was verified by Coomassie staining. 
Protein acetylation was determined using a rabbit polyclonal anti-acetyl lysine antibody 
(Cell Signaling) at a dilution of 1:1000, as described previously (Kuhn et al. 2014). All 
experiments were performed in triplicate (Figure S6). 
 Microscopy and image analysis. For cell size analysis, 10 µL of culture was 
mounted onto plain microscope slides (Thermo Fisher Scientific, Waltham, MA, USA) with 
cover glass. Transmitted light differential interference contrast (TL-DIC) microscopy 
images were captured on a Leica AF7000 wide-field fluorescence microscope fitted with 
a sCMOS pco.edge 5.5 camera, automated stage, and adaptive focus control (AFC). An 
APO PH3 100×/1.40 oil immersion objective was used. Microscope images were 
analyzed using ImageJ (Schneider, Rasband, and Eliceiri 2012)   
 
2.4 RESULTS 
 Glucose consumption is slow in peptide-based media. We begin the studies 
in this chapter with an observation which we wish to characterize. During growth in 10 g/L 
tryptone, 4 g/L glucose, buffered to pH 7 with 100 mM phosphate buffer (TB7/gl) we see 
                                            
2 Western blots performed by David Christensen 
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that glucose consumption is initially slow Figure 2.1. The growth rate during early hours 
is high with very little lag phase, yet glucose levels take two hours to drop significantly 
below 4 g/L. Once the concentration of glucose reaches 3 g/L, the cells transition into 
stationary phase. The remainder of the glucose consumed does not go towards further 
cell mass (as measured by turbidity). Thus, we sought to answer whether something in 
the tryptone is inhibiting glucose consumption during the early hours. And next, we 
wanted to identify if something is limiting in tryptone which causes the cells to exit 
exponential growth earlier than expected.  
 We compared growth in TB7/gl to M9/gl. The amino acids in TB7/gl increase the 
rate of growth, however the rate of glucose consumption is only slightly faster (Figure 
2.2). It has been shown that growth in complex mixtures of amino acids promotes higher 
growth rate than a glucose minimal medium (Tao et al. 1999), with more genes required 
for production of biosynthetic building blocks being expressed in strains growing only on 
glucose. Additionally, it has been shown that the addition of amino acids to a glucose-
based medium inhibits the rate of glucose uptake (Baez et al. 2019). To determine 
whether amino acids are consumed before glucose in TB7/gl, we measured amino acids 
during early hours of growth using GCMS. The amino acids which were completely or 
partially consumed during the first 4 hours are shown in Figure 2.3. We found that glucose 
is the dominant single source of carbon, with respect to concentration, compared to the 
amino acids consumed during early hours. However, serine and threonine are completely 
consumed by 2 hours, at which time glucose consumption has just begun. Additionally, 
aspartic acid has also been consumed by 2 hours, although the concentration of aspartic 
acid is only 0.02 g/L.   
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 To determine if tryptone was causing inhibition of glucose consumption in TB7/gl, 
we dosed in tryptone from 0.1% to 1% and measured glucose (Figure 2.4). We found 
that glucose consumption increases with increasing tryptone concentration. Additionally, 
the perceived delay in glucose consumption does not change with increasing tryptone. 
Given the experiments shown so far, we concluded that amino acids are simply 
consumed simultaneously with glucose. They are therefore not under control of any 
catabolite repression and the amino acids do not catabolite repress glucose consumption.  
 A component of buffered tryptone broth limits growth. We next switched our 
attention to the second half of the TB7/gl growth curve. While growing E. coli cells in 
TB7/gl to study glucose-induced acetyl phosphate-dependent acetylation, we noticed that 
the culture continued to consume glucose even after the culture reached stationary phase 
(Figure 2.1). In fact, 75% of the supplemented glucose was consumed after the culture 
had stopped growing. We wanted to determine if some nutrient limitation was causing 
premature entry into stationary phase. 
 Magnesium increases cell growth in buffered tryptone broth. M9 minimal 
medium contains five compounds not present in TB7 medium: ferric citrate, calcium 
chloride, magnesium sulfate, thiamine, and ammonia. To determine whether the addition 
of these compounds would increase cell growth in TB7/gl, we first grew the cells in TB7/gl 
supplemented with four of the five compounds. We expected that if a single compound 
were responsible for the growth increase, then removing it would cause the cells to grow 
as if they were in TB7/gl alone. Indeed, we found that when magnesium sulfate was not 
added to TB7/gl, then the cells grew as if they were in TB7/gl alone (Figure 2.5). Based 
on these results, we conclude that magnesium is the limiting compound. Adding 
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magnesium to TB7/gl, we can see an increase in glucose consumption and stationary 
phase biomass (Figure 2.6). To clearly see that glucose consumption directly results in 
more biomass with magnesium, we can look at glucose vs OD (Figure 2.7).  
 While these results demonstrate magnesium is necessary for robust growth in 
TB7/gl, they do not establish that it alone is sufficient. The magnesium effect was dose-
dependent, where magnesium sulfate increased cell growth in a dose-dependent manner 
up to a concentration of 1 mM (Figure 2.8). We also found that the effect is only found in 
magnesium by testing growth in MgCl2, and several other divalent cations. Only 
magnesium allowed for improved growth yield. Buffering also was not required, though 
both phosphate and Tris buffer (data not shown) exerted positive effects on growth.  
 We also tested whether magnesium increased growth in TB7 containing seven 
other carbon sources (lactate, succinate, fructose, lactose, arabinose, pyruvate, and 
acetate). In all cases, magnesium increased cell growth in a manner similar to glucose 
(Figure 2.9). Thus, this magnesium effect is not specific to glucose. We tested growth in 
phosphate-buffered peptone (P7) and casamino acids (CA7), and lysogeny broth (LB7) 
all supplemented with 4 g/L glucose. The cells grew best in LB7/gl medium, slightly worse 
in CA7/gl medium, and very poorly in P7/gl medium (Figure 2.10). The cell densities 
achieved in these media were directly related to the magnesium content per dry weight 
of these peptide-based media: tryptone, 195 g/g; casamino acids, 48 g/g; and peptone, 
17 g/g (BD 2006). In all three cases, the addition of 1 mM magnesium sulfate increased 
growth. This also was true for buffered lysogeny broth (LB7) supplemented with 4 g/L 
glucose. These results indicate that the lack of magnesium limits growth in these complex 
peptide-based media. 
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We noted that the addition of magnesium to peptide-based media supplemented with 
glucose did not alter the growth rate, but rather extended the duration of exponential 
growth. Based on this observation, we hypothesized that magnesium depletion causes 
cell division to cease, thus preventing the remaining carbon from being used for cell 
biomass. Whereas a TB7/glucose culture supplemented with magnesium increased in 
optical density while consuming glucose, a TB7/glucose culture (without added 
magnesium) did not increase cell growth even though it consumed glucose during entry 
into stationary phase. The cell density of the magnesium supplemented culture continued 
to increase, even after glucose was fully consumed. This appears to be due to 
consumption of excreted acetate (Figure 2.11). The magnesium-dependent increase in 
optical density resulted from both increased cell number and increased biomass (Figure 
2.12 and 2.13). Magnesium-replete cells also were smaller than their magnesium-limited 
counterparts (Figure 2.14). 
Magnesium limitation causes increase global lysine acetylation in carbon 
excess. Global acetylation in E. coli is intimately linked to glucose consumption and 
acetate fermentation through the accumulation of acP, a high-energy acetyl donor 
(Weinert, Iesmantavicius, Wagner, Schölz, et al. 2013; Kuhn et al. 2014; Schilling et al. 
2015). Therefore, we tested whether magnesium supplementation altered the acetylation 
profile of E. coli. We specifically compared the acetylation profiles of E. coli grown in TB7 
(low acetylation), TB7/glucose (high acetylation), and TB7/glucose supplemented with 
increasing concentrations of magnesium sulfate from 10 M to 1 mM (Figure 2.15). When 
E. coli cells were grown in TB7 alone or with magnesium supplementation, their proteins 
were weakly acetylated, with the exception of acetyl-CoA synthetase, which is acetylated 
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by the acetyltransferase YfiQ (Starai and Escalante-Semerena 2004). In contrast, when 
cells were grown in TB7/glucose, the proteins were highly acetylated, as reported 
previously (Schilling et al. 2015; Kuhn et al. 2014). However, magnesium noticeably 
reduced acetylation when concentrations were greater than 50 μM. As these results 
demonstrate, the magnesium-dependent biomass increase was met with a reduction in 
intensity of global acetylation, as determined by anti-acetyl lysine western blot analysis. 
It appears that magnesium limitation promotes acetylation. We conclude that the status 
of magnesium in peptide-based media determines whether cells put carbon into biomass 
or into fermentation products, such as acP.  
 
2.5 DISCUSSION 
During growth on buffered, peptide-based media (e.g., TB7) supplemented with a 
sugar (e.g., glucose), cultures of E. coli entered stationary phase prior to complete 
consumption of the sugar. The majority of the sugar was consumed after the culture 
stopped growing. This behavior provides a simple explanation for why protein acetylation 
occurs primarily during stationary phase, because acetyl phosphate, the major acetyl 
donor in E. coli (Weinert, Iesmantavicius, Wagner, Schölz, et al. 2013; Kuhn et al. 2014), 
is the intermediate of the acetate fermentation pathway (Wolfe 2005). When we 
supplemented TB7/glucose with magnesium, exponential growth was extended, resulting 
in consumption of glucose prior to entry into stationary phase, increased biomass, and 
decreased protein acetylation.  
In Gram-negative bacteria such as E. coli, magnesium is involved in stabilization of 
membrane phospholipids, lipopolysaccharide, polyphosphate compounds like DNA and 
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RNA, and the ribosome (Laursen et al. 2005; Coughlin, Tonsager, and McGroarty 1983; 
Groisman, Kayser, and Soncini 1997). Magnesium is also required to make ATP 
biologically active and participates in catalysis of certain enzymatic reactions through 
either direct or indirect mechanisms (Cowan 1998; Sreedhara and Cowan 2002). 
Consistent with its many roles, it is not surprising that magnesium is the most abundant 
divalent cation with a  concentration of  100 mM per E. coli cell (Akanuma et al. 2014; 
Foster, Osman, and Robinson 2014; Moncany and Kellenberger 1981). Almost half of 
total magnesium is found associated with NTPs (primarily ATP) (Laursen et al. 2005), 
approximately one third is associated with the cell wall (Groisman, Kayser, and Soncini 
1997), and the remaining bound to various molecules or free in the cytoplasm. Almost a 
quarter of this cytoplasmic magnesium is thought to stabilize ribosomes (Pontes, 
Sevostyanova, and Groisman 2015). As such, magnesium deprivation can result in 
cessation of translation due to dissociation of ribosomes (Pontes, Sevostyanova, and 
Groisman 2015). In the magnesium-starved conditions found in complex peptide-based 
media, it would not be surprising for ribosome control to be a mechanism by which cells 
cease growth and division. 
Hiroshi Nikaido proposed that the amount of magnesium in LB medium is not sufficient 
to achieve the maximum possible cell growth (Nikaido 2009). LB contains between 30-
200 M magnesium. In contrast, the magnesium concentration is 528 M in MOPS, a 
defined minimal medium that avoids the excess of any one ionic species (Neidhardt, 
Bloch, and Smith 1974). Our data does not refute this hypothesis, but it does not directly 
support it either. Here, we show that magnesium is a limiting factor for buffered LB 
medium as well as other buffered media that use peptide digests as a base, but only when 
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additional carbon source is provided. The inability of glucose or magnesium 
supplementation alone to increase cell growth in either LB7 or TB7 suggests that perhaps 
carbon and magnesium are approximately balanced in these media. Thus, only once both 
carbon and magnesium are added together do we see increased cell growth, which then 
becomes limited due to some other factor(s).  
LB medium has been reported to be limited for carbon by Sezonov and coworkers 
(Sezonov, Joseleau-Petit, and D'Ari 2007). In that study, glucose supplementation of cell-
free, spent LB medium was shown to support further cell growth upon re-inoculation with 
E. coli. As mentioned above, glucose or magnesium supplementation to LB7 is unable to 
permit additional growth. Two things may account for this discrepancy. First, our media 
was buffered while their media was not. At the end of our experiments, the pH of the LB7 
alone or with glucose and/or magnesium supplementation was 7.4-7.7. Similarly, 
Sezonov and coworkers neutralized their medium to pH 7 prior to re-inoculation to negate 
effects from alkalization resulting from amino acid consumption. Second, the differences 
between this study and that of Sezonov and coworkers may be due to possible variation 
in different preparations of LB. LB can vary between different tryptone and yeast extract 
preparations from different companies. Thus, our LB7 medium may have contained a 
higher amount of carbon, creating a more balanced carbon/magnesium ratio, whereas 
their LB medium may have been relatively more magnesium-rich. Regardless, the 
capacity for further growth in LB alone seems to be limited by carbon and/or magnesium. 
Finally, we found that magnesium reduces protein acetylation in E. coli. Most 
acetylation in E. coli is mediated by acetyl phosphate (Weinert, Iesmantavicius, Wagner, 
Schölz, et al. 2013; Kuhn et al. 2014), an intermediate in the Pta-AckA acetate 
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fermentation pathway (Wolfe 2005), which is induced by glucose (Schilling et al. 2015). 
Indeed, the vast majority of glucose-induced acetylation depends on acetyl phosphate 
(Schilling et al. 2015). How does magnesium decrease acetylation? In magnesium limiting 
conditions (TB7/glucose), most glucose is not consumed until stationary phase. 
Stationary phase cells do not generate biomass as readily as those cells in exponential 
phase, resulting in a buildup of acetyl-CoA. To regenerate CoA for further metabolism of 
glucose, the cell ferments acetate and generates acetyl phosphate (Wolfe 2005). Thus, 
continued metabolism of glucose in a stationary phase culture with a relatively stable pool 
of susceptible proteins results in protein acetylation. In contrast, we envision two ways 
that magnesium could reduce fermentation. First, magnesium supplementation to 
TB7/glucose allows cells to convert more carbon into biomass as glucose is consumed 
before the cells reach stationary phase. Diversion of carbon into biomass must reduce 
the amount of carbon entering acetate fermentation, thus reducing the amount of acetyl 
phosphate available to acetylate proteins. Second, magnesium supplementation prolongs 
the exponential phase of growth. During this phase, acetylated proteins are constantly 
diluted by the synthesis of nascent unmodified proteins and cell growth. In stationary 
phase, when acetylation would normally accumulate, little carbon remains to be 
fermented and less acetyl phosphate is available to donate acetyl groups to proteins. It 
was previously shown that a carbon-to-nitrogen imbalance could increase acetylation 
(Weinert, Iesmantavicius, Wagner, Schölz, et al. 2013); in this work, a carbon-to-
magnesium imbalance produced the same effect. We propose that any carbon: nutrient 
imbalance (e.g., carbon-to-oxygen) will have the same effect with the excess carbon 
being excreted as acetate, resulting in acetylation. 
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We conclude with the following two observations. First, there is hidden potential in 
peptide-based media. The addition of excess carbon and magnesium can increase cell 
density anywhere from 2-fold to 17-fold. Buffering the culture is important to ensure the 
medium does not become overly acidic or alkaline due to the consumption of glucose and 
amino acids, respectively. Second, we can now modify the level of acetylation in cultures 
without using genetic manipulation. Those who use E. coli for recombinant protein 
production may benefit most from this work. Each acetylated isoform of a recombinant 
protein has the potential to have different biological implications. To reduce the number 





2.6 CHAPTER 2 FIGURES 
 
Figure 2.1: Glucose consumption in peptide-based media is slow and incomplete. 
WT E. coli cells were grown at 37 C for 24 hours. OD600 and glucose were monitored at 
several time points.  
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Figure 2.2: Comparison of growth and glucose utilization between TB7/gl and 
M9/gl. MG1655 cells were aerated at 37 C in either M9/gl (solid lines) or TB7/gl (dashed 




Figure 2.3: Amino acids consumed before or with glucose monitored in TB7/gl. WT 





Figure 2.4: Dosing tryptone into M9/gl. E. coli cells were aerated for 24 hours in 
M9/gl with various concentrations of tryptone dosed in. 
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 Figure 2.5: Dosing TB7/gl with various components of M9 minimal media. E. coli 
cells were aerated for 24 hours in TB7/gl alone or supplemented with M9 or M9 missing 





Figure 2.6: Growth and glucose consumption with and without magnesium. E. coli 
cells were aerated for 24 hours in TB7/gl supplemented with magnesium (dotted lines) 




Figure 2.7: Glucose vs cell density. E. coli cells were aerated for 24 hours in TB7/gl 
supplemented with magnesium (blue) or without magnesium (red). Glucose and OD 




Figure 2.8: Dosing magnesium into tryptone. E. coli cells were aerated for 24 hours 




Figure 2.9: Effect of supplemented carbon sources on growth in TB7 with and 
without magnesium. E. coli cells were aerated for 24 hours in TB7 supplemented with 
various carbon sources and with magnesium (black) and without magnesium (white). 
OD was measured at 24 hours.   
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Figure 2.10: Magnesium supplementation in various peptide-based media. E. coli 
cells were aerated for 24 hours in several peptide-based media with magnesium (black) 





Figure 2.11: Acetate production in TB7/gl with and without magnesium.  E. coli 
cells were aerated for 24 hours in either TB7/gl (dashed lines) or TB7/gl+Mg (solid 





Figure 2.12: Microscope image of cells grown with or without magnesium. E. coli 
cells were aerated for 24 hours in either TB7/gl or TB7/gl+Mg. Microscope images were 




Figure 2.13: Biomass as measured with DCW and optical density. E. coli cells were 
aerated for 24 hours in either TB7/gl or TB7/gl+Mg. DCW and OD were measured at 24 




Figure 2.14: Comparison of cell length and width with and without magnesium 
supplementation. E. coli cells were aerated for 24 hours in either TB7/gl or TB7/gl+Mg. 




Figure 2.15: Acetylation is increased when the carbon to magnesium ratio is not 
optimal. Western blot with anti-acetyl lysine antibody to identify global lysine acetylation.  
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CHAPTER 3: CONSUMPTION OF ACETATE IN UNBUFFERED MEDIA3 
 
3.1 BACKGROUND 
 While studying growth in the complex medium, TB7/gl, we studied metabolism 
under different buffering conditions and noticed the acetate accumulation profile 
changed. In order to compare levels of acetate production with levels of glucose 
consumption more adequately, we have expressed data in this chapter in terms of 
molar concentration (mM).  
 
3.2 INTRODUCTION   
 Many organisms, from bacteria to eukaryotes, exhibit overflow metabolism, 
whereby cells growing aerobically on various carbon sources (e.g. glucose) produce a 
fermentation product (Vazquez 2017). While the primary fermentation products can vary 
among organisms (e.g. lactate for humans and acetate for Escherichia coli), the process 
itself occurs when the carbon flux through central metabolism exceeds the capacity of the 
tricarboxylic acid (TCA) cycle. To deal with this bottleneck, the cell diverts this excess flux 
to a fermentation product. This strategy enables cells to produce both energy and 
                                            
3 This chapter is mostly reprinted from Orr et al 2018 Journal of Bacteriology: “Extracellular acidic pH 
inhibits acetate consumption by decreasing gene transcription of the tricarboxylic acid cycle and 
glyoxylate shunt” (Orr et al. 2018) in accordance with the American Society for Microbiology’s copyright 
policy for author dissertations. Enzyme assays were unpublished. 
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anabolic precursors at high rates despite limitations in their metabolic capacity (for a 
review see (Wolfe 2005)). 
 In many organisms, overflow metabolism can be reversed: once the cells consume 
the available sugar, they will then re-assimilate the overflow metabolite to generate 
energy and provide anabolic precursors for additional growth. For example, during batch 
growth on glucose, E. coli re-assimilates the acetate produced from overflow metabolism. 
Indeed, E. coli can grow on acetate as its sole carbon source (Wolfe 2005). However, as 
discussed below, the ability of E. coli to re-assimilate and metabolize acetate depends on 
the growth conditions, suggesting that this process involves more than simply cleaning 
up the leftovers.  
 E. coli possesses three independent pathways for producing and/or consuming 
acetate (Figure 3.1). The primary pathway involves two enzymes: 
phosphotransacetylase (Pta) and acetate kinase (AckA). Pta catalyzes the reversible 
production of acetyl-phosphate (acetyl-P) from acetyl coenzyme A (acetyl-CoA) and 
inorganic phosphate. AckA catalyzes the reversible production of acetate and ATP from 
acetyl-P and ADP. The second pathway involves pyruvate oxidase (PoxB), which 
catalyzes the irreversible decarboxylation of pyruvate into acetate and CO2. The third 
pathway involves acetyl-CoA synthetase (Acs). Acs catalyzes the reversible production 
of acetyl-CoA, AMP and pyrophosphate from acetate, ATP, and CoA. However, the 
reaction is effectively irreversible due to the presence of intracellular pyrophosphatases. 
Only the Pta-AckA and PoxB pathways produce acetate, while only the Pta-AckA and 
Acs pathways can facilitate its re-assimilation. The lower-affinity Pta-AckA pathway 
provides the dominant mode for re-assimilation of high concentrations of acetate, 
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whereas the higher-affinity Acs pathway provides the dominant mode for low 
concentrations of acetate (3).  
 Despite extensive knowledge regarding the enzymes and pathways of acetate 
metabolism, many questions remain regarding the regulation of these pathways. In 
particular, we still do not know all the factors involved in differentially regulating these 
three pathways. Questions also remain concerning the consequences of acetate 
metabolism at large. For example, acetyl-P, the intermediate of the Pta-AckA pathway, is 
the principal acetyl-group donor for lysine acetylation, a global regulatory mechanism that 
affects both the metabolism and physiology of the cell (Kuhn et al. 2014; Weinert, 
Iesmantavicius, Wagner, Scholz, et al. 2013). Acetyl-P is also known to function as the 
phosphoryl-donor to certain two-component response regulators (Wolfe 2010). 
Understanding regulation and its consequences is not simply an academic question, 
because it is often desirable to minimize acetate production in industrial applications such 
as enzyme production without affecting cell viability (De Mey et al. 2007; Eiteman and 
Altman 2006). 
 In this work, we investigated how the reduction in pH due to acetate production 
affects acetate re-assimilation in E. coli. These studies were motivated by preliminary 
experiments showing that cells were unable to re-assimilate acetate when the growth 
medium was weakly buffered to pH 6 or when the initial pH was not adjusted. During 
these growth conditions, acetate accumulation acidified the medium to pH 5 or less. To 
identify the mechanism governing this behavior, we characterized acetate production and 
re-assimilation in a number of mutants lacking different metabolic enzymes. Based on the 
behavior of these mutants and corroborating measurements of gene expression, we 
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found that the inability of the cells to re-assimilate acetate at low pH was due primarily to 
reduced transcription of the genes that encode the tricarboxylic acid cycle and glyoxylate 
shunt. 
 
3.3 MATERIALS AND METHODS 
 Growth conditions, media, strains, and plasmids. All growth experiments were 
performed with 25 mL of liquid media in 250 mL flasks without baffles. Flasks were 
aerated by shaking at 225 rpm. The following media were used for cell growth: LB (10 g/L 
tryptone, 10 g/L NaCl, 5 g/L yeast extract); TB (10 g/L tryptone and 5 g/L NaCl); TB7 (10 
g/L tryptone and buffered at pH 7.0 with 61.5 mM K2HPO4 and 38.2 mM KH2PO4); TB6 
(10 g/L tryptone and buffered at pH 6.0 with 13.2 mM K2HPO4 and 86.8 mM KH2PO4); 
TB5 (10 g/L tryptone, 100 mM KH2PO4, and pH adjusted to 5.0 with HCl); M9 minimal 
medium (6.78 g/L Na2HPO4, 3 g/L KH2PO4 1 g/L NH4Cl 0.5 g/L NaCl, 0.1 mM CaCl, 1 
mM MgSO4, 2.45 μM ferric citrate, 0.03 mM thiamine, and pH adjusted to 6.0 or 7.0 with 
HCl). Additional carbon sources were added to the growth media at a concentration of 4 
g/L, unless noted otherwise. In media containing magnesium, MgSO4 was added to a 
final concentration of 1 mM. When appropriate, casamino acids were added to a final 
concentration of 1%. 
 All strains used in this study are listed in Table 3.1. Single gene deletions were 
constructed either by P1 transduction (Thomason, Costantino, and Court 2007) to move 
deletions of interest from the corresponding strain in the KEIO collection (Baba et al. 
2006) or by the method of lambda red recombination (Datsenko and Wanner 2000). 
Primers used for lambda red-mediated deletions are listed in Table 3.2. Double or 
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multiple mutant strains were made by transferring additional mutations into a desired 
mutant background using P1 transduction. Mutants were selected for by growth on LB 
plates supplemented with appropriate antibiotic. PCR was performed after all transduction 
or lambda red steps and compared to wild type to verify mutation.    
 
 Analytical methods. Cell density was measured by optical density at 600 nm. 
Glucose, arabinose, lactose, acetate, and succinate concentrations were measured using 
a Shimadzu high-performance liquid chromatography system equipped with a RID-10A 
refractive index detector, an Aminex HPX-87H carbohydrate analysis column (Bio-Rad 
Laboratories, Hercules, CA, USA), and a cation H micro-guard cartridge (Bio-Rad 
Laboratories). The column and guard cartridge were kept at 65°C, and 5 mM H2SO4 was 
used as the mobile phase at a constant flow rate of 0.6 mL/min. Prior to analysis, culture 
samples were first pelleted and then the supernatant was passed through 0.22 µm 
polyethersulfone syringe filter. Peaks were identified and quantified by retention time 
comparison to authentic standards. 
 Cloning of plasmids. The DNA sequences of genes from MG1655 were obtained 
from EcoCyc (Keseler et al. 2005). The genes ackA and pta were cloned with an N-
terminal 6xHis tag using Gibson assembly (Gibson et al. 2009) and expressed in E. coli 
from a T7 promoter. The primers used for PCR are listed in Table 3.2. The vector 
containing each gene was transformed into E. coli strain BL21(DE3). 
The complementation plasmids pUC19::acs and pUC19::ackAptaA were constructed 
by separately cloning the DNA fragment containing the pta/ackA and acs operons (with 
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300bp of flanking sequence) into pUC19 using Gibson assembly (Gibson et al. 2009). 
The primers used for plasmid construction are listed in Table 3.2. 
 Purification of proteins. E. coli strain BL21(DE3) harboring each plasmid was 
grown in LB medium aerobically overnight at 37C. 500 mL of LB was inoculated at 1:100 
with the overnight culture and grown at 37C until the cell density reached OD600 ~0.6, at 
which point isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to 1 mM to induce 
gene expression. Growth was continued for 18 hours, whereupon the cultures were 
checked for expression against an uninduced control using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The cells were harvested by 
centrifugation at 5000 g. The pellets were resuspended in lysis buffer and sonicated for 
60 seconds with 40% amplitude. The lysate was centrifuged at 7000 g for 40 minutes and 
put through a 45 µm filter.  
 The filtered lysate for each protein was applied to two 5-mL HiTrap chelating HP 
columns (charged with 0.1 mM NiSO4) installed in series on an AKTA prime fast protein 
liquid chromatography (FPLC) system (GE Healthcare, Piscataway, NJ). The composition 
of lysis, wash, elution, and storage buffers are listed in Table 3.3. The columns were 
washed with 5 column volumes of wash buffer and eluted with 2 volumes of elution buffer 
and the fractions were collected. The collected fractions were checked for the presence 
of the purified protein using SDS-PAGE. The fractions containing the purified protein were 
collected and pooled. The storage buffer was used to dilute the elution buffer by 
concentrating to 1 mL using a 10,000 MW Amicon Ultra-15 Centrifugal Filter Unit by 
centrifugation at 7000 g and re-diluting with storage buffer three times. The protein was 
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concentrated one last time to 1 mL and glycerol added to 10% before storing aliquots at 
-80C until use.  
 Protein activity assays. Purified Pta was assayed for activity in both the direction 
of acetyl-CoA synthesis and acetyl-P synthesis using a modification of the methods 
described previously (Campos-Bermudez et al. 2010). Ellman’s reagent (DNTB) was 
used to measure CoA in both directions. For the consumption of CoA, DNTB was added 
at the end of the reaction. 4 mg/mL DNTB was added at 1:50 per reaction volume. The 
level of CoA was determined following 60 seconds of reaction by measuring the 
absorbance at 412 nm. Activity is represented as change in absorbance relative to a no-
enzyme control.  
 Purified AckA was assayed in the direction of acetate formation (Fowler, Ingram-
Smith, and Smith 2011) and acetyl-P formation (Skarstedt and Silverstein 1976) by 
measuring acetyl-P using hydroxylamine. For the consumption of acetyl-P, 
hydroxylamine was added at the end of the reaction. The level of acetyl-P was determined 
following 60 seconds of reaction by measuring the absorbance at 540 nm. Activity is 
represented as change in absorbance relative to a no-enzyme control. The recipes for 
reaction mixtures are included in Table 3.4.  
 
qRT-PCR4. For quantification of gltA, sucA, sucC, sdhD, acnB, acnA, icd, fumA, fumC, 
fumB, mdh, aceB, and ackA mRNA, cells were aerated at 37°C in TB7 or TB6 
supplemented with 0.4% glucose and 1mM MgSO4 and harvested after 3 hours of growth 
                                            
4 qRT-PCR experiment performed by David Christensen 
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(OD600 = 1.1-1.3) and in stationary phase after 10 hours. A volume of culture equivalent 
to 0.5 mL of 1 OD600 of culture was added to 1 mL RNAProtect Bacterial Reagent (Qiagen 
76506) and then vortexed. After centrifugation, the cell pellet was frozen at −80°C and 
stored overnight. RNA was isolated using the MasterPure RNA Purification Kit (Epicentre 
MCR85102) according to the manufacturer's protocol. RNA concentration/purity was 
determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific). 7.5 μg or 5 
μg RNA was used to synthesize cDNA, using the iScript cDNA Synthesis Kit (BioRad 
170–8890), according to the manufacturer's protocol. Quantitative reverse transcription 
PCR (qRT‐PCR) was performed using iTaq Universal SYBR Green Supermix (BioRad 
172–5120), according to manufacturer's protocol, on a CFX96 Real Time System 
(BioRad) with a C1000 Thermal Cycler (BioRad) and the following conditions: 95°C for 5 
min, then 37 cycles of (95°C for 15 s, 60°C for 20 s, 72°C for 30 s). The list of primers 
used can be found in Table 3.5. Quantitation of 16S rRNA was used to normalize the 
data. Standard curves of each primer set were generated with gDNA from E. coli strain B 
(Sigma D4889) and amplification efficiency (E) was determined (Table 3.6). Relative 
expression was calculated as described (Pfaffl 2001). Briefly, the ΔCT values [CTTB7-
CTTB6] for each gene of interest (GOI) and the 16S housekeeping gene (HKG) were 
determined. Then, the gene expression ratio was determined with correction for 







 Acetate re-assimilation is inhibited when extracellular pH is acidic. When E. 
coli was grown in tryptone broth buffered with an initial pH of 7 and containing 22.2 mM 
(4 g/L) glucose and 1 mM MgSO4 (TB7/gl+Mg), the cells consumed all of the sugar within 
the first 6 hours (Figure 3.2A). During this phase, acetate was rapidly produced, peaking 
in concentration at 6 hours, the time when glucose was completely consumed. The 
acetate was then consumed, with most gone after 10 hours of growth. At this point, cell 
growth ceased.  
 When E. coli was grown in same medium with an initial pH of 6 (TB6/gl+Mg), the 
cells consumed the glucose at a somewhat slower rate than in TB7/gl+Mg (Figure 3.2B). 
Acetate also was produced during this phase of growth, again rising rapidly until the 
glucose was completely consumed. However, the extracellular acetate concentration did 
not subsequently decrease, indicating that the cells did not re-assimilate it. Consistent 
with the lack of acetate re-assimilation, cell growth ceased at OD~5 when the glucose 
was depleted from the growth medium. After cell growth ceased, the cells continued to 
produce acetate. The source of this additional acetate production is unknown, but it is 
possibly a byproduct of amino acid metabolism. 
 Similar growth experiments were also performed with the initial pH of 5. Once 
again, the cells were unable to re-assimilate acetate. In this case, however, the rate of 
glucose consumption was even slower, taking over 24 hours for the sugar to be 
consumed; cell growth ceased well before glucose depletion (Figure 3.3). Similar results 
were obtained when the growth medium was not buffered (TB/gl+Mg). The rate of glucose 
consumption was slow, cell growth ceased long before glucose depletion, and the cells 
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did not re-assimilate acetate (Figure 3.2C, Figure 3.3B). These behaviors likely result 
from the reduction in pH (<5) associated with acetate production (Figure 3.4). 
 Magnesium supplementation is necessary for robust glucose consumption in 
buffered tryptone broth containing glucose (Christensen et al. 2017). In the absence of 
magnesium, the rate of glucose consumption is much slower, with most occurring during 
stationary phase. Furthermore, when the medium lacks magnesium, the cells produce far 
less acetate. In the experiments described above, the media were supplemented with 
magnesium. To determine if magnesium affects acetate re-assimilation, the cells were 
grown in TB7/gl and TB6/gl, which lack magnesium. In both cases, the cells re-
assimilated the acetate (Figure 3.5). Under these conditions, the production of acetate is 
less than that observed in magnesium-supplemented conditions. As reported previously 
(Christensen et al. 2017), these cultures produced less acetate than those containing 
magnesium (TB7/gl: ~10 versus ~25 mM; TB6/gl: ~8 versus ~34 mM).  
 To determine whether these observations were unique to buffered tryptone broth, 
we also performed similar experiments in M9 minimal medium containing 22.2 mM 
glucose (Figure 3.6). At both an initial pH of 6 and 7, very little acetate was produced 
(<2.5 mM) and, in both conditions, the acetate was re-assimilated. However, when the 
M9 minimal medium containing 22 mM glucose was supplemented with casamino acids 
(M9/gl+CA), the results were similar to those of buffered tryptone broth containing 
magnesium. Most importantly, cultures in M9/gl+CA produced significantly more acetate 
(>17 mM) than cultures in M9/gl lacking casamino acids, suggesting the amino acids are 
necessary for high levels of acetate production. Consistent with acetate production being 
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a byproduct of overflow metabolism, the cultures with casamino acids grew significantly 
faster than those without.  
 Acetate is also produced during growth on other sugars. To test whether the same 
behavior is observed on sugars other than glucose, we grew E. coli in buffered tryptone 
broth containing 1 mM MgSO4 using 11.7 mM (4 g/L) lactose or 26.6 mM (4 g/L) arabinose 
as the sugar. In both cases (Figures 3.7-3.8), the cells were able to re-assimilate the 
acetate when the initial pH was 7 but not 6. We also tested whether acetate was produced 
and re-assimilated when E. coli was grown in buffered tryptone broth containing no sugar 
(Figure 3.9). The cells produced little acetate (< 2 mM). The cells were also able to re-
assimilate the acetate when the medium was initially buffered at pH 7 or 6. Similar results 
were also observed when the growth medium contained magnesium (data not shown). 
The ability to re-assimilate acetate in this case is likely due to little acetate being 
produced, similar to what was observed with M9 medium lacking casamino acids and 
TB6/gl lacking magnesium. 
 Acetate metabolism is inhibited when extracellular pH is acidic. To determine 
whether the inhibition of acetate re-assimilation was linked to sugar and/or amino acid 
metabolism or to stationary-phase growth, we tested the ability of E. coli to consume 
acetate in tryptone broth containing 4 g/L acetate (TB7/ac+Mg and TB6/ac+Mg) (Figure 
3.10). Consistent with other the growth experiments, the cells were able to consume the 
acetate during growth in TB7/ac+Mg but not in TB6/ac+Mg. These results indicate that 
inhibition of acetate utilization at low pH is not due to the available carbon sources 
(glucose and amino acids) themselves but rather due to the presence of substantial 
amounts of acetate that were produced from these carbon sources. Collectively, these 
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results suggest that an extracellular environment combining low pH and acetate inhibits 
acetate re-assimilation.  
 Complete re-assimilation requires both the Pta-AckA and Acs pathways. We 
next examined the pathways involved in acetate re-assimilation by selectively eliminating 
the three pathways involved in acetate metabolism. We first examined the behavior of 
these mutants during growth in TB7/gl+Mg (Figure 3.11 A, C, E). The Δacs and ΔpoxB 
mutants produced similar amounts of acetate as the wild type. However, the Δacs mutant 
was unable to completely re-assimilate all of the acetate, with residual acetate 
concentrations of approximately 3.5 mM. These results are not surprising as the Acs 
pathway is thought to be the principal route for acetate re-assimilation at low acetate 
concentrations (<7 mM) (Wolfe 2005). The ΔpoxB mutant was able to completely re-
assimilate the acetate; however, the rate of re-assimilation was slower than the wild type. 
This slowness suggests that PoxB exerts an unknown and indirect effect on acetate re-
assimilation as this pathway is irreversible (Figure 3.1) and, therefore, is not directly 
involved in acetate consumption. The Δacs and ΔpoxB mutants also grew similarly. 
Whereas the Δacs mutant consumed glucose similarly to wild type, the ΔpoxB mutant 
exhibited reduced glucose consumption after 4 hours of growth. Both the ΔackApta and 
ΔackAptaΔacs mutants produced acetate more slowly than the wild type, with production 
peaking after 10 hours of growth. These results are consistent with the PoxB pathway 
being active after the transition to stationary phase (Dittrich, Bennett, and San 2005). The 
ΔackApta mutant was able to slowly re-assimilate the acetate, whereas the 
ΔackAptaΔacs mutant could not. The latter results are consistent with Acs being involved 
in the re-assimilation of acetate produced from PoxB. When all three pathways were 
65 
deleted (ΔackAptaΔacsΔpoxB), little acetate was produced; it also was not re-
assimilated, presumably because all of the acetate re-assimilation pathways had been 
deleted. The pathway generating this small amount of acetate is unknown though may be 
a product of acetoacetate metabolism (Sramek and Frerman 1975).  
 All three of the mutants deficient in ackA and pta grew more slowly than the wild 
type and consumed glucose at a slower rate in TB7/gl+Mg. However, even accounting 
for differences in growth, mutants lacking ackA and pta produced significantly less 
acetate. Based on these results, we conclude that the Pta-AckA pathway is the principal 
route for acetate production and the majority of re-assimilation, while Acs is required for 
complete re-assimilation of acetate during growth in TB7/gl+Mg. 
 We next explored the behavior of these mutants during growth in TB6/gl+Mg 
(Figure 3.11 B, D, E) and TB/gl+Mg (Figure 3.12). With the exception of the 
ΔackAptaΔacsΔpoxB mutant, all of the mutants produced significant amounts of acetate 
(>25.4 mM) and the acetate continued to accumulate in the medium throughout the 
experiment. The same trends were also observed when the results were normalized to 
account for differences in growth (Figures 3.13-15). Acetate production was delayed in 
the ΔackApta and ΔackAptaΔacs mutants like it was in TB7/gl+Mg. Acetate production 
was also substantially reduced in the ΔpoxB mutant, again suggesting that PoxB exerts 
a small indirect effect on the production of acetate. No mutant re-assimilated acetate. The 
three mutants deficient in ackA and pta grew and consumed glucose more slowly than 
the strains with an intact Pta-AckA pathway. 
 These results indicate that the Pta-AckA pathway provides the route for the 
majority of the acetate re-assimilation and that growth in an extracellular environment that 
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combines low pH and acetate inhibits acetate re-assimilation through both the Pta-AckA 
and Acs pathways. 
 Active transport is not required for acetate re-assimilation. We next deleted 
the genes that encode the high-affinity acetate/succinate:H+ symporter SatP and the 
acetate/glycolate:cation symporter  ActP, the only known active transport systems for 
acetate in E. coli (Gimenez et al. 2003; Sa-Pessoa et al. 2013). The aim was to determine 
if deletion of one or both active transport systems would inhibit the ability of E. coli to re-
assimilate acetate at pH 7 (Figure 3.16). When grown in TB7/gl+Mg, the single ΔsatP 
and ΔactP mutants and the double ΔsatPΔactP mutant excreted and re-assimilated 
acetate no differently than their wild-type parent. These results suggest that acetate 
excretion and re-assimilation under these conditions is due to passive diffusion across 
the membrane; however, it is possible that acetate excretion and re-assimilation involve 
some unknown transporter. 
 Disrupting the TCA cycle and glyoxylate bypass reduces the rate of acetate 
re-assimilation. Both the TCA cycle and glyoxylate bypass are involved in acetate 
metabolism. Therefore, we tested whether deleting key genes in these two pathways 
would inhibit the ability of E. coli to re-assimilate acetate during growth in TB7/gl+Mg 
(Figure 3.17). We focused on sdhA, which encodes one of the catalytic subunits of 
succinate dehydrogenase involved in the TCA cycle, and aceA and aceB, which 
respectively encode isocitrate lyase and malate synthase A, the enzymes of the 
glyoxylate bypass (Figure 3.1).  
 The rate of acetate re-assimilation was reduced in the ΔsdhA and ΔaceB mutants; 
however, both completely consumed the acetate by 24 hours of growth. The rate of 
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acetate re-assimilation was further reduced in the ΔaceA mutant, which did not 
completely re-assimilate the acetate after 24 hours of growth. Acetate re-assimilation was 
further inhibited in a ΔsdhAΔaceA double mutant, indicating that both the TCA cycle and 
the glyoxylate bypass contribute to acetate re-assimilation. Deleting acs 
(ΔsdhAΔaceAΔacs) did not further inhibited acetate re-assimilation, suggesting that flux 
though the Pta-AckA pathway is blocked by the inability of the cell to metabolize acetyl-
CoA. (Pellicer et al. 1999). The reduced consumption of acetate in these mutants is 
somewhat similar to that observed during growth in TB6/gl+Mg. As expected, the aceA 
mutant did not grow in M9 when acetate was the sole carbon source; in contrast, the aceB 
mutant exhibited some growth (data not shown), likely because of its isozyme encoded 
by glcB.  Collectively, these results suggest that the expression of enzymes in the TCA 
cycle and glyoxylate bypass may be inhibited during growth in low pH. We also performed 
a growth experiment in TB7/ac+Mg with some of the more interesting mutants shown 
previously: ΔsatPΔactP, ΔaceAΔsdhA, ΔackAptaΔacs (Figure 3.18). As expected, 
neither the ΔaceAΔsdhA mutant nor the ΔackAptaΔacs mutant consumed any of the 
acetate after 24 hours of growth. These two mutants also showed growth defects, with 
the ΔaceAΔsdhA mutant growing more slowly than the ΔackAptaΔacs mutant. The 
ΔsatPΔactP mutant behaved similarly to wild type. Once again, the behavior was similar 
to that observed during growth in TB6/ac+Mg. 
 Expression of multiple genes involved in acetate re-assimilation is reduced 
at pH 6. Since disruption of the TCA cycle could reduce acetate re-assimilation, we tested 
whether expression of the TCA cycle genes was repressed when cells were grown in low 
pH. We used quantitative RT-PCR to compare the expression of key genes involved in 
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the TCA cycle and glyoxylate bypass at two time points during growth in TB7/gl+Mg and 
TB6/gl+Mg (Figure 3.19). We harvested a reference sample during exponential phase (3 
hours) when both cultures were behaving similarly and again during stationary phase (10 
hours) when there was a difference in acetate re-assimilation (compare Figure 3.2A and 
3.2B). Consistent with a mechanism involving reduced expression of enzymes involved 
in the TCA cycle and glyoxylate bypass, we observed reduced expression of sdhD and 
aceB after 3 and 10 hours of growth. Presumably, aceA expression is also reduced as it 
resides downstream of aceB in the same operon. We also observed reduced expression 
for the other enzymes involved in the TCA cycle, with fumB and perhaps fumA, which 
encode two of three fumarase isozymes, being the sole exceptions following 3 hours of 
growth. 
 We also found that the expression of ackA was unchanged following 3 hours of 
growth but reduced following 10 hours of growth. As both ackA and pta reside in the same 
operon, these results suggest that expression of the Pta-AckA pathway is unchanged 
during the acetate production phase of growth (3 hours) but reduced during the acetate 
consumption phase of growth (10 hours) at pH 6, which is consistent with our other data.  
 Taken together, these expression data suggest that cells are unable to re-
assimilate acetate at pH 6 because the expression levels of the pathways involved in 
acetate catabolism are reduced.  
Acetate consumption is kinetically more favorable for the Pta-AckA pathway at 
low pH. One additional possibility is that pH alters the reversibility of the Pta-AckA and 
Acs pathways, favoring acetate production rather than acetate consumption at low pH. In 
the presence of large amounts of extracellular acetate, the cytoplasmic pH could 
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transiently drop during growth at pH 6 (Martinez et al. 2012). Therefore, we purified AckA 
and Pta as recombinant proteins and then measured whether acetate production or 
consumption was more favorable at pH 6 or pH 7 (Figure 3.20). For both enzymes, we 
found that the forward reactions (those involved in acetate production) were more 
favorable than the reverse reactions (those involved in acetate consumption) at pH 6 
relative to pH 7. These results indicate that the inability to re-assimilate acetate at acidic 
pH is not due to altered reaction kinetics but rather to reduced expression of the relevant 
pathways.   
 Succinate metabolism is not inhibited when extracellular pH is acidic. We 
last tested whether pH alters the metabolism of succinate, whose extracellular 
concentration can easily be measured. The goals of this experiment were to determine 
whether the observed behavior is unique to acetate and whether inhibition of acetate re-
assimilation was solely due to pH. When we grew E. coli in buffered tryptone broth 
containing magnesium and 4 g/L succinate, we observed no difference in the rate of 
utilization at either pH 6 or pH 7 (Figure 3.21). As succinate is metabolized using the TCA 
cycle, these results suggest that the observed changes in metabolic gene expression are 
not due to pH alone but also require acetate.   
 ArcA is not the principal factor preventing acetate re-assimilation at low pH. 
One possibility is that acidic pH is affects the expression or phosphorylation of ArcA, 
which is known to regulate many genes in the TCA cycle and glyoxylate bypass (Iuchi 
and Lin 1988; Lynch and Lin 1996). Therefore, we tested the growth of a ΔarcA mutant 
in TB6/gl+Mg (Figure 3.22). The rate of growth and glucose consumption in this mutant 
was similar to the wild type; however, it was still capable to re-assimilating acetate. When 
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we slightly reduced the starting pH to 5.8, the ΔarcA mutant was unable to re-assimilate 
acetate. Likely, the behavior at pH 6 is due to the production of less acetate by the mutant 
and, consequently, less acidification of its growth medium. This would suggest that ArcA 
is not directly involved in inhibiting acetate re-assimilation during growth in acidic media. 
However, it is also possible that ArcA blocks acetate re-assimilation at pH 6 but that 
another mechanism further blocks acetate re-assimilation at lower pHs.  
   
3.5 DISCUSSION 
 Many researchers have investigated different facets of acetate metabolism in E. 
coli (Wolfe 2005). Much of this previous work is motivated by practical concerns because 
acetate production can negatively impact cell viability and reduce product yields in 
fermentation processes (Eiteman and Altman 2006; De Mey et al. 2007). However, this 
previous work has principally focused on the production of acetate, with less attention 
devoted to acetate re-assimilation. In the present study, we demonstrated that an acidic 
environment inhibits the ability of E. coli to re-assimilate acetate during robust growth on 
sugars and amino acids. However, this inhibition is only observed when the environment 
also includes significant (>10 mM) acetate, which occurs when the glucose-containing 
growth medium also contains magnesium and amino acids. The magnesium and amino 
acids help support sufficiently high growth rates such that overflow metabolism, and thus 
acetate excretion, becomes significant (Christensen et al. 2017).  
 In the context of the current work, the previous study by Dittrich and co-workers 
merits discussion (Dittrich, Bennett, and San 2005). In that study, the authors investigated 
how pH affects acetate production in E. coli during growth in lysogeny broth containing 
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glucose. Consistent with our findings, the authors observed reduced expression of ackA 
at pH 6. Whereas they observed reduced expression both after 3 hours of growth and 
during stationary phase, we observed reduced expression only during stationary phase, 
an observation consistent with reduced acetate re-assimilation but not reduced acetate 
production during growth at pH 6. While not discussed, their data also suggest that 
acetate re-assimilation is inhibited at pH 6; however, they did not consider the longer time 
points necessary to verify lack of re-assimilation, as they focused their study on acetate 
production and not re-assimilation. Finally, they also found that the PoxB pathway is 
active after entry into stationary phase, which is consistent with our findings. 
 Why then is acetate re-assimilation inhibited by low pH? Many bacteria produce 
and consume organic acids. In these organisms, the pH of the growth medium is known 
to affect their metabolism. While the mechanisms governing this phenomenon are 
generally unknown, it is thought in part to reflect the energetics of acid transport (van 
Maris et al. 2004). If only the protonated acid is able to cross the plasma membrane, then 
the energetics will be determined solely by the difference in the intra- and extracellular 
concentrations of the protonated acid, regardless of whether the transport mechanism is 
passive or active. If there is also no pH difference across the cell membrane, then the 
total acid concentrations will be the same unless an energy-dependent transporter is 
employed to sustain a concentration difference. However, if the extracellular pH is lower 
than the intracellular pH, then more of the extracellular acid will be in the protonated form. 
This means that even if the total acid concentration is the same both inside and outside 
of the cell, there will be a concentration difference in protonated acid across the 
membrane, favoring acid import. In other words, it is energetically more expensive for the 
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cell to excrete acid when the extracellular pH is acidic than when it is neutral. Based on 
these simple arguments, we would expect acid excretion when the extracellular pH is 
neutral and acid import when the extracellular pH is acidic. 
 Active transport mechanisms can overcome concentration differences by 
supplying the requisite energy for acid transport, even when the extracellular pH is acidic. 
However, acetic acid transport in E. coli is thought to involve a passive mechanism (Axe 
and Bailey 1995). While E. coli does possess two transporters for acetate uptake, SatP 
(acetate:H+ symporter) and ActP (acetate:Na+ symporter), they are thought to be involved 
in uptake at low concentrations, far below those observed in our experiments (Sa-Pessoa 
et al. 2013). Indeed, deleting these two transporters did not affect the ability of E. coli to 
re-assimilate acetate when the initial pH was 7 (Figure 3.16). This suggests that acetate 
in its protonated form (acetic acid) is able to passively cross the membrane. It also 
suggests that acetate uptake is favored when the extracellular pH is acidic, contrary to 
what we observe. 
 So how then is acetate consumption stopped at low pH? The simplest explanation, 
which is consistent with our data, is that acetate accumulates in the cell during growth in 
acidic environments and inhibits the expression of many enzymes involved in acetate 
catabolism (Figure 7). As a consequence, the cells are unable to consume the acetate. 
From simple equilibrium calculations (assuming an intracellular pH of 7), acetate is 
predicted to accumulate in the cell at pH 6 such that the intracellular concentration of total 
acid is 9.5-fold greater than the extracellular concentration. Likely, this high concentration 
of intracellular acetate is what inhibits the expression of the genes involved in acetate 
catabolism. In support of this model, intracellular acetate is known to inhibit the basal 
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transcription of many genes (Rosenthal, Kim, and Gralla 2008), which potentially explains 
the observed changes in gene expression (Figure 7). This model also explains why cells 
are able to re-assimilate acetate at pH 6 when grown in the absence of amino acids 
(Figure 3), because they produce insufficient acetate for it to accumulate in the cells at 
sufficiently high concentrations to inhibit the expression of the acetate catabolic genes. A 
similar process likely occurs during growth at pH 7, where intra- and extracellular 
concentration of total acid are expected to be more similar. Even though the cells produce 
significant concentrations of acetate when grown in the presence of amino acids, the lack 
of a large pH gradient across the cell membrane means that the acetate will not 
accumulate within the cells. In fact, the expected intracellular concentration at pH 7 is 
predicted to be ten-fold less than at pH 6. 
 In conclusion, we found that E. coli is unable to consume acetate during growth in 
acidic environments. The behavior is observed during growth on peptide-based media 
containing glucose, because the cells produce acetate as an overflow metabolite but 
cannot re-assimilate it due to repression of many genes involved in acetate catabolism.  
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3.6 CHAPTER 3 TABLES AND FIGURES 
Table 3.1: Strains used in this study: 
Strain Genotype or description Source 
MG1655 F- λ- ilvG- rfb-50 rph-1 CGSC#:7740  
BW25113 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, 
rph-1, Δ(rhaD-rhaB)568, hsdR514 
CGSC#: 7636 
DH5α F-, Δ(argF-lac)169, φ80dlacZ58(M15), ΔphoA8, 
glnX44(AS), λ-, deoR481, rfbC1?, 
gyrA96(NalR), recA1, endA1, thiE1, hsdR17 
CGSC#: 12384 
MG1655 pKD 46 Lambda red recombinase (11) 
DH5α pKD 3 Source of FRT-cat-FRT (11) 
DH5α pKD 4 Source of FRT-kan-FRT (11) 
JO71 MG1655 Δacs::FRT This study 
JO73 MG1655 ΔackApta::FRT This study 
JO75 MG1655 Δacs::FRT ΔackApta::FRT This study 
JO77 MG1655 ΔpoxB::cm This study 
JO78 MG1655 Δacs::FRT ΔackApta::FRT ΔpoxB::cm This study 
JW4028-1 BW25113 ΔactP::kan (10) 
JO114 MG1655 ΔactP::kan This study 
JO115 MG1655 ΔactP::kan ΔsatP::cat This study 
JO116 MG1655 ΔsatP::cat This study 
JW3975-3 BW25113 ΔaceA::kan (10) 
JO147 MG1655 ΔaceA::FRT This study 
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Table 3.1 con’t: 
JW3974-1 BW25113 ΔaceB::kan (10) 
JO133 MG1655 ΔaceB::kan This study 
JW0713-1 BW25113 ΔsdhA::kan (10) 
JO144 MG1655 ΔsdhA::kan This study 
JO164 MG1655 ΔaceA::FRT ΔsdhA::FRT This study 
JO169 MG1655 ΔaceA::FRT ΔsdhA::FRT Δacs::kan This study 
JW4364 BW25113 ΔarcA::kan (10) 




Table 3.2. Primers used for strain construction: 
Description Sequence 
































pUC19 vector forward GGCGTAATCATGGTCATAGC 
pUC19 vector reverse ACTGGCCGTCGTTTTACA 




Table 3.2 con’t: 












Table 3.3: Protein purification buffers 
 







5 mM MgCl2,                     
5 mM  
imidazole 
50 mM Tris-HCl 
(pH 8.0), 
300 mM NaCl,                     
20 mM imidazole 
50 mM Tris-
HCl (pH 8.0), 









5 mM MgCl2,                     
5 mM  
imidazole 
50 mM  NaH2PO4 
(pH 8.0), 
300 mM NaCl,                     
20 mM imidazole 
50 mM  
NaH2PO4 
(pH 8.0), 








Table 3.4: Protein Assay Recipes 
Pta: Acetyl CoA 
formation 
Pta: Acetyl P 
formation 




50 mM KPO4 
(pH 7 or 6) 
50 mM KPO4 
(pH 7 or 6) 
50 mM KPO4 
(pH 7 or 6) 
50 mM KPO4 
(pH 7 or 6) 





10 mM Acetyl P 
0.1 mM Acetyl 
CoA 
ATP MgCl2 
0.1 mM CoA Ellman's reagent MgCl2 K acetate 














Table 3.5: Primers used for qRT-PCR 
Primers Sequence (5'->3') Purpose 
16S qPCR F GAGCAAGCGGACCTCATAAA qPCR quantification of 16S 
RNA 
16S qPCR R GGCATTCTGATCCACGATTACTA qPCR quantification of 16S 
RNA 
GltA qPCR F GCCGGTAACTTCCTGAATATGA qPCR quantification of gltA 
mRNA 
GltA qPCR R CAGCGTGCAGGATCAGAATA qPCR quantification of gltA 
mRNA 
SucA qPCR F CAGTGCTGGCGTTTGAATATG qPCR quantification of sucA 
mRNA 
SucA qPCR R GAGGAGATGAACTGGTCGATAAC qPCR quantification of sucA 
mRNA 
SucC qPCR F CTCCGCACCTGATCCATAAA qPCR quantification of sucC 
mRNA 
SucC qPCR R GTTTACCTTCCAGACCCAGTT qPCR quantification of sucC 
mRNA 
SdhD qPCR F GTGGCGAGCTGACATATGAA qPCR quantification of sdhD 
mRNA 
SdhD qPCR R CCAGGCATGGATCAAGATAGAA qPCR quantification of sdhD 
mRNA 
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Table 3.5 con’t: 
AcnB qPCR F CGAAAGCAGGCAACGAATATG qPCR quantification of acnB 
mRNA 
AcnB qPCR R GGAGAAAGGTCATCGGTGTTAG qPCR quantification of acnB 
mRNA 
AcnA qPCR F CCAGCCGGTCGATTATGTTATG qPCR quantification of acnA 
mRNA 
AcnA qPCR R CATCAGCACACTTGGGTTAGAG qPCR quantification of acnA 
mRNA 
Icd qPCR F CTGCAGTCGAGAAAGCCTATAA qPCR quantification of icd 
mRNA 
Icd qPCR R CCAGACGTCCTGACCATAAAC qPCR quantification of icd 
mRNA 
FumA qPCR F TATCCCGTTTCTACACGCTTATC qPCR quantification of fumA 
mRNA 
FumA qPCR R CCGTTATCCATCCGCTCTTT qPCR quantification of fumA 
mRNA 
FumC qPCR F GCTGCGGAATTGGTGAAATC qPCR quantification of fumC 
mRNA 
FumC qPCR R TGACAGCAGAGCATGGTTAAT qPCR quantification of fumC 
mRNA 
FumB qPCR F GTACCATATCGCGTTTGTGATTG qPCR quantification of fumB 
mRNA 
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Table 3.5 con’t: 
FumB qPCR R CGTCGGCAGTTCATCGTAATA qPCR quantification of fumB 
mRNA 
Mdh qPCR F GAAGTTGAAGTGCCGGTTATTG qPCR quantification of mdh 
mRNA 
Mdh qPCR R CCACTTCCTGCTCGGTAAA qPCR quantification of mdh 
mRNA 
AceB qPCR F GGCAACAACAACCGATGAAC qPCR quantification of aceB 
mRNA 
AceB qPCR R GTCACCAGCTCAGTCAGAAAT qPCR quantification of aceB 
mRNA 
AckA qPCR F CCGGCGATCATCTTCCACCT qPCR quantification of ackA 
mRNA 











Table 3.6: qPCR Standard Curve Results 
  Slope Amplification factor Efficiency 
16S -3.7 1.86 86.17% 
gltA -3.7 1.88 87.66% 
sucA -3.8 1.84 84.47% 
sucC -3.8 1.85 84.57% 
sdhD -3.7 1.87 87.07% 
acnB -3.8 1.83 82.86% 
acnA -3.7 1.87 87.05% 
icd -3.7 1.87 86.51% 
fumA -3.7 1.86 85.56% 
fumC -3.7 1.86 86.45% 
fumB -3.7 1.87 86.66% 
mdh -3.8 1.85 84.75% 
aceB -3.9 1.8 80.28% 














Figure 3.1: Pathways of acetate metabolism.  Acetate can be produced via the Pta-
AckA pathway or PoxB and re-assimilated via the AckA-Pta pathway or Acs. Acetyl-CoA 
can then enter the TCA cycle or the glyoxylate bypass. Labeled genes are those used in 





Figure 3.2: Low pH prevents acetate re-assimilation from occurring. E. coli 
(MG1655) was grown aerobically for 24 hours in TB7 supplemented with glucose and 
magnesium A), TB6 supplemented with glucose and magnesium (B), and TB 




Figure 3.3: TB5/gl+Mg and TB/gl+Mg with 48 hour sampling. A. E. coli (MG1655) was 
grown aerobically for 48 hours in TB5 supplemented with glucose and magnesium. B. E. 
coli (MG1655) was grown aerobically for 48 hours in TB supplemented with glucose and 
magnesium. The data are the same as Figure 2C except that additional measurements 





Figure 3.4: Final pH for wild type experiments. E. coli (MG1655) was grown aerobically 
for 24 hours in TB7 supplemented with glucose and magnesium or TB6 supplemented 




Figure 3.5: TB7/gl and TB6/gl without magnesium supplementation. E. coli 
(MG1655) was grown aerobically for 24 hours in TB7 supplemented with glucose or TB6 





Figure 3.6: M9/gl and M9/gl+CA at pH 7 and pH 6.  E. coli (MG1655) was grown 
aerobically for 24 hours in M9 adjusted to the indicated pH supplemented with glucose 




Figure 3.7: TB7/lac+Mg. E. coli (MG1655) were grown aerobically for 24 hours in TB7 
supplemented with lactose and magnesium or TB6 supplemented with lactose and 
magnesium. A. Cell density; B. Lactose consumption; C. Acetate accumulation. 
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Figure 3.8: TB7/ara+Mg. E. coli (MG1655) was grown aerobically for 48 hours in TB7 
supplemented with arabinose and magnesium or TB6 supplemented with arabinose and 




Figure 3.9: TB7 and TB6 without supplementation. E. coli (MG1655) was grown 






Figure 3.10: TB7/ac+Mg and TB6/ac+Mg. E. coli (MG1655) was grown aerobically for 
24 hours in TB7 supplemented with acetate and magnesium (solid lines) or TB6 
supplemented with acetate and magnesium (dashed lines).  
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Figure 3.11: Growth of acetate metabolism mutants in different media. Cells were 
grown aerobically for 24 hours in TB7 supplemented with glucose and magnesium (A, C 
and E), TB6 supplemented with glucose and magnesium (B, D, and F). (Line for ΔackApta 
superimposes with ΔacsΔackApta until 10 hours in (E))  
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Figure 3.12: Mutants of acetate metabolism grown in TB/gl+Mg. Cells were grown 
aerobically for 24 hours in TB supplemented with glucose and magnesium. A. Cell 




Figure 3.13: Acetate accumulation and glucose consumption plotted against 
growth for mutants of acetate metabolism grown in TB7 supplemented with 
glucose and magnesium.  
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Figure 3.14: Acetate accumulation and glucose consumption plotted against 
growth for various mutants of acetate metabolism grown in TB6 supplemented with 




Figure 3.15: Acetate accumulation and glucose consumption plotted against 
growth for various mutants of acetate metabolism grown in TB supplemented with 
glucose and magnesium. 
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Figure 3.16: Acetate transporter mutants grown in TB7/gl+Mg. Cell were grown 
aerobically for 24 hours in TB7 supplemented with glucose and magnesium. A. Cell 




Figure 3.17: Mutants of the TCA cycle and glyoxylate bypass. Cells were grown 




Figure 3.18: Mutants of acetate metabolism, acetate transport, and TCA 
cycle/glyoxylate shunt grown in TB7/ac+Mg. Cells were grown aerobically for 24 hours 






Figure 3.19: Transcription of the TCA cycle and glyoxylate shunt are reduced in 
TB6 relative to TB7. E. coli (MG1655) was grown aerobically for 10 hours in TB7 
supplemented with glucose and magnesium or TB6 supplemented with glucose and 
magnesium. After 3 hours (black bars) and 10 hours (gray bars), total RNA was extracted 
and analyzed for the mRNA levels of the indicated genes and 16S as a housekeeping 
gene. Relative expression was calculated as described in the Materials and Methods. 
Values were analyzed by unpaired t test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 




Figure 3.20: AckA and Pta activity assays in both directions. Pta activity measured 
by the amount of CoA present after 60 seconds of reaction relative to negative control 
(A), AckA activity measured by amount of acetyl-P present after 60 seconds of reaction 





Figure 3.21: TB7/suc+Mg. E. coli (MG1655) was grown aerobically for 24 hours in TB7 
supplemented with succinate and Mg or TB6 supplemented with succinate and 
magnesium. A. Cell density; B. Succinate consumption. 
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Figure 3.22: ΔarcA mutant grown in TB6/gl+Mg and TB5.8/gl+Mg. Cell were grown 
aerobically for 24 hours in TB7, TB6, or TB5.8 supplemented with glucose and 




CHAPTER 4: SELECTING FOR HIGH GROWTH YIELD STRAINS  
 
4.1 BACKGROUND 
 Evolutionary studies are frequently performed to obtain strains with some desirable 
property, for example resistance to antibiotics or other toxins. These growth procedures 
often involve serial passages in a liquid medium agitated inside of a flask. These 
experiments involve an additional selection for strains that have a high growth rate. These 
high growth rate strains will consume nutrients the fastest and be present at the end of 
the growth in the highest numbers. They will have the highest chances of making it to the 
next serial passage, where they will again grow the fastest. Thus, traditional evolution 
experiments in flask enrich for strains with a high growth rate. However, growth yield is 
an important property of production cells. Growth yield is maximized by slow but efficient 
growth and consumption of nutrients. In a traditional evolution experiment, these high 
growth yield strains are out competed. In this chapter, we describe our attempts to isolate 
high growth yield strains by privatizing resources to individual cells using an emulsion-
based media. We enriched two different high growth yield strains with different mutations 
in carbon catabolite repression relevant genes.  
 We decided to improve growth yield because growing cells to high density is a 
common strategy for bioproduction and is the preferred method of producing large 
quantities of recombinant proteins (Chávez-Béjar et al. 2013; Choi, Keum, and Lee 
2006; Tsuruta et al. 2009). We chose to increase yield on xylose, as it is the second 
most abundant sugar found in lignocellulosic feedstock (Jagtap and Rao 2018). For 
these experiments, we primarily relied on turbidity to inform growth yield. We used a 
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correlation of growth yield in DCW vs OD to get a sense of mass yields. This study is 
primarily inspired by similar work done in Lactobacillus growing on glucose (Bachmann 
et al. 2013).  
 
4.2 INTRODUCTION 
 Escherichia coli is a heavily researched microorganism which is used extensively 
in bioproduction. An important aspect of bioproduction is the source of feedstock, and 
significant attention has been placed on renewable feedstocks in recent years. Plant 
biomass is the primary focus of renewable feedstocks with plentiful sources associated 
with agricultural wastes, as well as various plants which are being engineered to be more 
suitable as a bio feedstock. The main source of feedstock is comprised of lignocellulose, 
an intertwined matrix of lignin, cellulose, and hemicellulose. Glucose is the most abundant 
sugar in lignocellulose, and xylose is the second most abundant sugar. For this reason, 
efforts to engineer microorganisms to consume these two sugars are greatest.  
 We chose to focus on enhancing growth of E. coli on xylose, focusing specifically 
on growth yield. To achieve this aim, we grew the cells in an emulsion-based growth 
medium, which allows privatization of growth nutrients. Our efforts were inspired primarily 
by previous proof of concept work in which Bachmann el al demonstrated that growth in 
emulsion leads to a selection process favoring growth yield over growth rate (Bachmann 
et al. 2013).  Standard growth media involve a single liquid phase which houses the 
entirely of a cell culture, i.e. a suspension of cells in media. Growth in a suspension favors 
higher growth rate, as a race to consume all nutrients in the suspension and produce the 
most offspring. Doing so is the most effective strategy to outcompete other strains. If 
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instead the growth medium is compartmentalized using emulsion, each cell of an 
inoculum can start with its private allocation of nutrients. Thus, the strains which generate 
the most biomass with a given amount of nutrients will have the most offspring by the end 
of an experiment. This allows one to select for growth yield instead of growth rate.  
 A schematic of the process we used for this work in shown in Figure 4.1. We first 
mutated wild type E. coli NCM3722 in order to increase genetic diversity to increase the 
chances of selecting a significantly different strain. Next, we grew our stock of mutated 
NCM3722 in emulsion-based media for 30 serial transfers, making stocks every few 
transfers along the way. We were able to isolate two different mutants with enhanced 
growth yield from 30th transfer. We sequenced these strains and found both had different 
mutations in cAMP-CRP transcriptional regulator related genes. As a proof of concept, 
we took the stock generated at 30 transfers and grew it in standard suspension for 5 serial 
transfers. Collectively, these results demonstrate that the use of emulsion-based growth 
media is a viable strategy for selecting strains for high growth yield.  
 
4.3 MATERIALS AND METHODS 
 Strains and Media. The list of strains is in Table 4.1.  All strains used in this study 
are derived from Escherichia coli NCM3722. Minimal medium (M9/xyl) made from M9 
salts (Sigma Aldrich), 1 mM MgSO4, 0.01% thiamine, 0.1 mM CaCl2, 0.134 mM EDTA, 
31 µM FeCl3, 1 µM ZnCl2, 0.1 µM CuCl2, 0.42 µM CoCl2, 1.62 µM H3BO3, 81 nM MnCl2, 
and 0.4% xylose was used throughout the entire selection process. Plating single colony 
selection was performed on M9/xyl 1.5% agar plates. For glucose minimal and lactose 
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minimal media, xylose was replaced with glucose or lactose respectively. All strain 
construction steps were performed in LB (lysogeny broth) (Sigma Aldrich).  
 Analytical methods. Cell growth was measured by optical density at 600 nm. Dry 
cell weights were determined by vacuum filtration of 4 mL of culture through pre-dried 
and pre-weighed nitrocellulose membranes. The membrane was then washed with 4 mL 
of autoclaved Milli-Q water, allowed to dry at room temperature overnight, and incubated 
at 80°C for 20 minutes before being weighed on an analytical balance to assess changes 
in mass. Membranes were kept in a calcium sulfate desiccator between each step to 
avoid ambient moisture absorption.  
 Sugar and organic acid concentrations were measured using a Shimadzu high-
performance liquid chromatography system equipped with a RID-10A refractive index 
detector, an Aminex HPX-87H carbohydrate analysis column (Bio-Rad Laboratories, 
Hercules, CA, USA), and a cation H micro-guard cartridge (Bio-Rad Laboratories). The 
column and guard cartridge were kept at 65°C, and 5 mM H2SO4 was used as a mobile 
phase at a constant flow rate of 0.5 mL/min. Prior to analysis, culture samples were first 
pelleted and then the supernatant was passed through 0.22 µm polyethersulfone syringe 
filter. Peaks were identified and quantified by retention time comparison to authentic 
standards. 
 Propagation in Emulsion. Cells were propagated in emulsion using a protocol 
based on a previous study (Bachmann et al. 2013). A test tube (Denville Scientific, 15mL) 
containing 300 µL bacterial culture suspended in M9/xyl at 0.05 OD, 175 µL 2% pico-surf 
in HFE 7500 (Sphere Fluidics), and 525 µL HFE 7500 mineral oil (TMC Industries) was 
vortexed for 3 minutes to form the emulsion layer and then grown with agitation at 37 oC 
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for 2 to 3 days. After growth, the test tube was centrifuged at 3000 RPM and 4 oC for 30 
minutes, and an oil phase was removed from the bottom of the tube. We relied on 
calculations performed previously (Bachmann et al. 2013) to inform us of the expected 
size distribution of droplets and occupancy of these droplets (see Figure S1 of the 
Bachmann 2013 paper). Based on our initial cell density, and the oil: surfactant ratio used, 
we expect approximately 50% of the droplets to remain unoccupied, and the remainder 
to be primarily filled by a single cell. Then, 200 µL 1H,1H,2H,2H-perfluorooctanol (Sigma 
Aldrich) was added to the remaining emulsion and the mixture was gently stirred over the 
course of 10 min before it was left to separate by gravity for 2 h. The top media layer was 
extracted and diluted for serial propagation. Freezer stocks were made by adding 400 µL 
of culture to 600 µL 50% glycerol. To test cells for growth yield, single colonies were 
isolated by streaking an M9/xyl plate using a stock from a particular serial transfer. The 
growth yield experiments were performed over 24 hours with 50 mL M9/xyl in 250 mL 
flasks.  
 Ultraviolet and chemical mutagenesis. In order to increase genotypic diversity 
of our stock NCM3722, we mutagenized cultures of the strain using various exposures to 
both UV radiation and chemical mutagenesis. For UV radiation exposure, WT NCM3722 
was grown overnight and used to inoculate a culture. The culture was grown for 6 hours 
to exponential phase before being moved into deep well plates (WWR) in quadruplets at 
volumes of 2 mL, 1.6 mL, 1.2 mL, 0.8 mL, 0.4 mL, 0.2 mL, and 0.1 mL for an ultraviolet 
exposure time of 1 min, 2 min, and 3 min. The mutagenized strains were propagated in 
emulsion for 48 hours and then combined. 
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 For chemical mutagenesis exposure, an overnight inoculation of NCM3722 was 
diluted to 0.05 OD and separately grown for 16 h in 25 mM, 50 mM, or 100 mM ethyl 
methansulfonate (Sigma Aldrich). The resulting cultures were washed by centrifugation 
with M9/xyl, propagated in emulsion for 48 hours, and then combined. 
 Selection of Higher Biomass Yield Mutants. Cultures of the different 
mutagenesis exposure conditions were combined to generate a strain library with high 
genotypic diversity. The mixed strains were grown for 30 total serial transfers each 
involving 48 hours of growth in emulsion. After breaking the emulsion, freezer stocks were 
made using a sample of the aqueous media layer which contained cells. When necessary, 
a sample of the media layer was also plated onto M9/xylose plates to isolate single 
colonies. Starting cultures were generated by inoculating deep well plates (96 well) in 
quadruplet overnight at 37 C. These single colonies were selected at random and tested 
for growth yield in 96-well plates using a Tecan infinite M1000 Pro. The kinetic study was 
performed at 37 oC with shaking for quadruplets of single strains with an initial OD of 0.05, 
and OD measurements at 600 nm was taken every 15 minutes for 24 hours. To test the 
effect of growth in a typical liquid medium suspension, the stock of cells grown for 30 
transfers was grown for an additional 5 transfers in M9/xylose in a flask.  
 Whole Genome Sequencing of Evolved Strains. Four strains with enhanced 
growth yield on xylose after 30 generations of selection in emulsion-based media were 
selected for whole genome sequencing. Two strains were also selected from the batch of 
reverse evolved generation 35. The laboratory’s wild type NCM3722 was sequenced as 
a reference. Genomic DNA was isolated from each of the strains using phenol/chloroform 
(Wilson 2001).  
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 The shotgun genomic libraries were prepared with the Hyper Library construction 
kit from Kapa Biosystems (Roche) with no PCR amplification. The libraries were pooled 
in equimolar concentration, quantitated by qPCR and sequenced on one MiSeq flow cell 
for 301 cycles from each end of the fragments using a MiSeq 500-cycle sequencing kit 
version 2. FastQ files were generated and demultiplexed with the bc2flaq v2.17.1.14 
Conversion Software (Illumina). The FastQ files were analyzed using the software 
package breseq version 0.31.1 with the default settings (Deatherage and Barrick 2014). 
The reads were aligned to a reference sequence of both the genome of NCM3722 
(accession number CP011495) and the F-like plasmid of NCM3722 (CP011496). The tar 
files from the sequencing runs will be made available from NCBI NGS database.  
 Construction of Genetic Mimics. In strains with enhanced biomass, we observed 
mutations in genes encoding adenylate cyclase (cyaA) and cAMP-receptor protein (crp), 
two genes require for utilization of xylose. These two genes are also involved in the same 
process, as adenylate cyclase is responsible for production of cAMP, the co-factor of 
CRP.  The mutation observed in adenylate cyclase is an amber mutation located at W358. 
To mimic this, we truncated adenylate cyclase in wild type NCM3722 using the method 
of lambda red mediated recombination as described previously (Datsenko and Wanner 
2000). We did so by replacing the cyaA from W358 until the end of the coding sequence 
with TAGTAG-FRT-KAN-FRT and selecting for kanamycin resistance. We found this 
strain did not grow in xylose minimal, so we replaced this new truncated cyaA with the 
cyaA region from strain A1 using the same method, with selection being growth in xylose 
minimal. The list of mimic strains is in Table 1.  
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 In another strain with enhanced growth yield, we found a mutation encoding A37T 
in CRP. We used a similar method to generate a mimic for the crp strain. We replaced 
the crp region of a crp mutant with the crp region in strain A5 and selected for growth in 
xylose.  
Microscopy analysis. 10 µL of culture was mounted onto plain microscope slides 
(Thermo Fisher Scientific, Waltham, MA, USA) with cover glass. Transmitted light 
differential interference contrast (TL-DIC) microscopy images were captured on a Leica 
AF7000 wide-field fluorescence microscope fitted with a sCMOS pco.edge 5.5 camera, 
automated stage, and adaptive focus control (AFC). An APO PH3 100×/1.40 oil 
immersion objective was used.  
 
4.4 RESULTS 
 Propagation in emulsion results in improvements in average growth yield 
and growth rate in a population of competing strains. To determine how the 
population of mutants responded to growth in emulsion, we tested several individual 
strains from 20 serial transfers in emulsion (Figure 4.2A), 25 serial transfers in emulsion 
(Figure 4.2B), 30 serial transfers in emulsion (Figure 4.2C), and 30 serial transfers in 
emulsion followed by 5 serial transfers in suspension (Figure 4.2D). In order to obtain 
these individual strains, we streaked out stocks from each relevant generation onto 
M9/xylose agar plates to obtain individual colonies. The first 8 serial transfers were 
performed in parallel between 8 different strain libraries from 8 different exposures to 
mutagenesis (4 UV, 4 chemical).  
113 
 The strains we randomly selected from T20 did not have much improvement in 
growth yield over the WT which was ran during this experiment. There were a few strains 
with enhanced growth and reduced growth rate, which is the expected trend for this 
evolution. The highest growth yield to this point was OD600 0.6. The strain ran as a WT 
control showed an OD600 ~0.5.  
  The library which resulted from 25 serial transfers in emulsion (called T25), was 
plated and sampled for growth yield and growth rate next (Figure 4.2B). Several strains 
selected for T25 showed improved growth yield over the WT. The highest growth yield at 
this point was OD600 0.78.  We still saw some strains which showed a lower growth yield 
than WT, and some strains which had intermediate growth yield to WT. Curiously, at this 
point we began to observe a trend between growth yield and growth rate which was 
contrary to our expectation. Growth yield was expected to be a tradeoff for growth rate. 
Instead we see a positive correlation in T25. As we will show later, this is potentially due 
to the growth regime in the microplate as we did not see enhanced growth rate in the 
higher growth yield strains we tested in flasks.  
 The library which resulted from 30 serial transfers in emulsion (called T30), was 
plated and sampled for growth yield and growth rate next (Figure 4.2C). A larger 
proportion of the strains selected in T30 had simultaneously enhanced growth yield and 
growth rate. The positive correlation between growth yield and growth rate was still 
observed in T30. The three strains with the highest OD600 observed in T30 were 0.84 
(called strain A1 in subsequent discussion), 0.82 (called strain A5 in subsequent 
discussion), and 0.79 (called strain B5 in subsequent discussion). Another strain with an 
OD similar to WT (called strain B1 in the next section) was also kept for analysis. 
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 Finally, the library which resulted from 30 serial transfers in emulsion-based media, 
followed by 5 serial transfers in flasks (called T35), was plated and sampled for growth 
yield and growth rate (Figure 4.2D). The strains sampled in T35 showed a return towards 
WT growth yield. However, the distribution of growth rates remained relatively similar to 
that seen in the other libraries. The expected reason for a return to WT growth yields 
would be some benefit from growth rate, however we were not able to see an obvious 
growth rate improvement from the microplates.  
 Whole genome sequencing of evolved strains revealed mutations in 
catabolite repression genes. In order to determine the genetic basis for the improved 
growth yield in the emulsion enriched strains, we selected 7 strains for sequencing and 
further testing: wild type; strains A1, A5, B1 and B5 from T30; and two strains from 
generation 35. Before sequencing, we ran the strains in flasks and observed the growth 
yield improvements in A1, A5, and B5. We also observed WT behavior for B1 and the 
reversed evolved strains. We did not notice a significant difference in growth rate between 
these strains, however improved growth yield strains showed reduced rate of sugar 
consumption. This could explain the reverse selection pressure observed in T35. 
Presumably, there are non-WT strains in T35, but by coincidence the two we selected did 
not have any mutations.  
 We sequenced all of these strains in singlet. The results of the sequencing are 
shown in Figure 4.3. There were several mutations in WT, these were present in all 7 
strains. Strains from T35 showed WT genotype. Strain A1 and B5 showed the same 
genotype, so we decided to use only A1 from this point on. Strain B1 did not have the 
same genotype as WT (it does have the same growth phenotype as WT), but it did not 
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have any obviously interesting mutations. From this point on, we will only discuss WT, 
A1, and A5. 
 Mutations in cAMP-CRP improve growth yield in NCM3722. The strains which 
showed improved growth yield contained one of two different mutations in genes 
encoding proteins involved in the catabolite repression protein (CRP)-cAMP pathway. 
Strain A1 contains a T to G mutation about halfway into the open reading frame on cyaA, 
an amber mutation at W358 (Figure 4.4). This mutation truncates nearly 60% of 
adenylate cyclase. However, it has been shown that a cyaA- strain can be complemented 
via truncated adenylate cyclase missing 60% of its C-terminal end  (Koop, Hartley, and 
Bourgeois 1984). Thus, strain A1 should have adenylate cyclase activity. However, it will 
be missing the regulatory C-terminal end, and the mutation likely causes differences in 
intracellular cAMP concentrations.  
 This mutation was confirmed via sanger sequencing. We generated a mimic of 
strain A1 by first amplifying the DNA region around cyaA and transferring it into a ΔcyaA 
mutant and selecting for growth on xylose. This worked because adenylate cyclase is 
required for growth on xylose.  
 We tested the three strains in flasks: WT NCM3722, evolved strain A1, and 
engineered strain A1 mimic (Figure 4.5). We found that both strain A1 and A1 mimic 
showed an improvement in stationary phase growth yield. The improvement was ~15% 
or 20% for A1 mimic and A1 respectively, and significantly higher DCW than WT. Both 
A1 and A1 mimic had a slightly lower growth rate than WT, with values/hour of 0.79+/-
0.01 (WT), 0.77+/-0.02 (A1), and 0.78+/-0.01 (A1 mimic) between 3 and 5 hours. We used 
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a DCW conversion factor for each of the strains to get yields: since all strains fully 
consumed xylose, we left the values in DCW.  
 Strain A5 contains a G to A mutation in CRP, which changes alanine 37 threonine 
(Figure 4.6). The mutation is very close to the high-affinity binding site of cAMP. The 
mutation changes the properties of the amino acid from an amino acid with a hydrophobic 
side chain to one with a polar uncharged side chain. This could change the response to 
intracellular cAMP concentration.   
 This mutation was confirmed via sanger sequencing. We generated a mimic of 
strain A5 by first amplifying the DNA region around crp and transferring it into a Δcrp 
mutant and selecting for growth on xylose. This worked because cAMP-receptor protein 
is required for growth on xylose.  
 We tested the three strains in flasks: WT NCM3722, evolved strain A5, and 
engineered strain A5 mimic (Figure 4.7). We found that both strain A5 and A5 mimic 
showed an improvement in stationary phase growth yield. The improvement was ~30% 
or 47% for A5 and A5 mimic respectively, and showed significantly higher yield than WT. 
A5 had a higher growth rate than WT (not significantly) while A5 mimic had a lower growth 
rate than WT, with values/hour of 0.79+/-0.01 (WT), 0.86+/- 0.22+/-0.01 (A5), and 0.71 
(A5 mimic) between 3 and 5 hours. We used a DCW conversion factor for each of the 
strains to get yields: since all strains fully consumed xylose, we left the values in DCW. 
 The emulsion-based evolution does not necessarily enrich for strains with high 
growth yield, but rather it enriches strains which generate a higher number of offspring 
for a given quantity of nutrients. Thus, cells can be smaller, in larger amount, but the 
culture as a whole might not have a larger yield or maybe even have a smaller yield. We 
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have verified that these mutations do in fact lead to true enhanced growth yield. We 
checked the DCW of all 3 genotypes and verified they are similar. We also checked the 
strains under a microscope (Figure 4.8), to check whether there was a difference in size. 
We found the strains were all approximately the same size.  
 Measuring sugar utilization and mixed acid production gives insight into 
evolution experiment. We also measured xylose production for the flask experiments 
described in the last section (Figure 4.9). We found that for both genotypes, the evolved 
strain (A1 and A5) showed reduced rate of glucose consumption. This could explain why 
they were outcompeted between T30 and T35, given their growth rates are comparable 
to WT. However, strain A1 mimic has a higher rate of glucose consumption. The reason 
for this could be because it lacks some of the less obviously important genes seen in 
Figure 4.3 in A1. A5 mimic consumes glucose similarly to A5. 
 The growth yield improvement in A1 and A5 strains could potentially be explained 
by differences in mixed acid production. Some of the mixed acids are re-assimilated, 
however, in some cases this re-assimilation occurs after biomass has already stopped 
accumulating. The improved strains showed 0.2, 0.17, 0.34, 0.51 g/L improvements over 
NCM3722 in strains A1, A1 mimic, A5, and A5 mimic respectively. We see A1 produces 
about the same amount of acetate as WT, but A1 mimic produces 0.1 g/L less and re-
assimilates it prior to the end of its growth. A1 also produces the same amount of formate 
as WT, while A1 mimic produces ~0.15 g/L less. However, A1 produces nearly zero 
lactate (compared to 0.18 g/L from WT and A1 mimic).  
 For the crp strains, A5 and A5 mimic produce less acetate than WT, which is all 
re-assimilated during stationary phase. They also both produce less formate than WT, 
118 
and neither strain produces any lactate. These differences in mixed acid production can 
account for the differences in growth yield.  
 
4.5 DISCUSSION 
 The work presented here demonstrates effective efforts to improve the growth yield 
of E. coli on xylose using emulsion-based media evolution approach. Typical evolutionary 
experiments involve growth in liquid-based media, which selects for growth rate. By 
encapsulating the cells in emulsion bubbles, nutrients are privatized, and cells which 
utilize their set of nutrients most efficiently will be present in higher numbers at the end of 
the experiment. Our methods involved first increasing genotypic diversity of our wild type 
NCM3722 stock by giving varying levels of chemical and UV-mutagenesis.  We then 
selected for strains that could grow in our conditions by separately evolving each of these 
stocks in xylose-based media for 7 serial transfers. At this point, we combined our stocks 
and continued the serial transfers for a total of 30 serial transfers in emulsion-based 
growth media. We found that cells selected from 30 serial transfers had improved growth 
yield, and we confirmed the growth improvement by growing in flasks. At this point, we 
sequenced particularly high growth yield strains.  
 We observed mutations in the genes encoding both major proteins required for the 
cAMP-CRP complex: cyaA and crp. These genes are required for growth on xylose, 
however they are also important for regulating the expression of hundreds of operons, 
many of which encode for proteins involved in central metabolism. The mutation in cyaA 
encodes a truncated adenylate cyclase, missing nearly 60% of the c-terminal region of 
the protein. The N-terminal region of the protein is responsible for the ATP → cAMP 
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activity, and the C-terminal region is known to regulate this activity (Roy et al. 1983). The 
C-terminal 48 residues is also the region of adenylate cyclase regulated by CRP (Inada 
et al. 1996). The first half of cyaA has been shown to be essential for enzymatic function 
of the protein product. The smallest functional transcript was actually shown to be 
somewhat shorter than the transcript which would result from A1’s copy of the gene 
(Koop, Hartley, and Bourgeois 1984). Thus, it seems likely that the truncated adenylate 
cyclase produced in strain A1 would have altered cAMP concentrations relative to its 
parent.  
 The point mutation of crp found in A5 encodes a mutant protein with alanine, with 
a hydrophobic sidechain, at position 37 changed to a threonine, with a polar uncharged 
sidechain. The location of this mutation is nearby the high affinity cAMP binding site, 
which is known to increase transcription from CRP-dependent promotors 1000x when 
cAMP binds to it (Green et al. 2014; Passner and Steitz 1997).  The mutation in A5 to crp 
is from alanine to threonine, which involves a change from an amino acid with a 
hydrophobic sidechain to polar uncharged side chain. The change in the properties of 
amino acid 37, and its proximity to the cAMP binding site means that the mutation found 
in strain A5 might change the response of A5 CRP to intracellular cAMP levels.  
 However, we still have some important work remaining on this project before we 
can be sure exactly what is happening. To determine whether the mutations in cyaA and 
crp are impacting the CRP-dependent regulon, we can measure gene expression of 
genes in this regulon. The obvious choices to test are the xylose metabolic genes xylAB, 
and xylose transporters xylE, xylFGH. Our initial attempt to measure gene expression for 
these genes is via promoter fusions to the yellow fluorescent protein (yfp). This is shown 
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in Figure 4.11. The expectation I have for these experiments is that there will be a slight 
reduction in gene expression of the xylose metabolic/transporter genes. I have this 
expectation because adenylate cyclase missing its regulatory region should be 
overactive. This would result in enough cAMP binding for the second, lower affinity cAMP 
binding site on CRP to be saturated. Binding of cAMP to this site causes a reduction in 
expression from cAMP dependent promoters (see chapter 1.3). Perhaps a similar 
phenomenon will occur with the crp mutants. The change in the shape of the cAMP 
binding site might alter CRP’s response to WT levels of cAMP. However, we will do the 
experiment to find out. 
 If we do not find useful information from the YFP experiment described above, we 
could do RNAseq or ribosome profiling. The CRP regulon is massive, involving regulation 
of transcription of some 280 operons. Thus, only looking at xylose would not give a 
complete view of the impact these mutations have on central metabolism. Additionally, 
there are two classes of CRP-dependent promoters, and the xylose genes all involve only 
one of these classes. 
 However, we have shown that high growth yield strains of E. coli can be enriched 
using the emulsion-based approached described previously (Bachmann et al. 2013). This 
approach may prove useful for obtaining mutations in E. coli that will allow for high growth 
yield in industrially relevant strains of E. coli, thereby allowing for enhanced production of 
proteins. The approach could be used to improve a metabolically engineered strain which 




4.6 CHAPTER 4 TABLES AND FIGURES 
Table 4.1: List of strains 
Strain name or designation Genotype or description Source or 
reference 
NCM3722 (JO245) F+ CGSC#: 12355 
JO264 UV Mut/chem mutant library This study 
JO277 Transfer 20 This study 
JO282 Transfer 25 This study 
JO287 Transfer 30 This study 
JO296 Reverse Evolve 35 This study 
JO288 Strain A1 This study 
JO289 Strain A5 This study 
JO236 ΔcyaA::cyaA(Strain A1), A1 mimic This study 






Figure 4.1: Diagram of process used for selection of improved growth yield strains 
of E. coli grown on xylose minimal using emulsion-based growth media. High 
growth yield strains are shown in red and are expected to be enriched during growth in 
emulsion-based media. Growth rate strains are shown in blue and are expected to be 
enriched in suspension-based media (such as growth in liquid media in a flask).   
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Figure 4.2: Microplate growth of randomly selected strains from emulsion grown 
stocks. A) strains selected after 20 serial transfers (red), B) 25 serial transfers (blue), C) 
30 serial transfers (green), and D) 5 serial transfers in suspension-based media after 30 
serial transfers in emulsion-based media (wine). Strains were grown in quadruplet in 
M9/xyl. Wild type is shown in black. WT growth yield and growth rate are extended to 
both sides of the axis with gray bars.  
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Figure 4.3: Map of mutations found in our lab’s WT NCM3722 and two high growth 
yield strains. The inner circle, light gray, shows WT mutations. All mutations found in the 
WT strain were also seen in strains A1 and A5. The middle circle, dark gray, shows 
mutations found in strain A1. The out circle, black, shows mutations found in strain A5. 
Mutations in coding genes are shown in black. Mutations in intergenic regions are shown 
in green, with the two nearest genes up and downstream of the mutation are labeled. 
Gene names were obtained via either annotation of NCM3722 genome or using 
Ecocyc.org with strain MG1655’s gene designations.  
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Figure 4.4: The mutation in cyaA encodes a truncated adenylate cyclase. WT 
adenylate cyclase length is shown on top, the truncated adenylate cyclase expressed in 
A1 is shown on the bottom (A1). A functional truncated AC is shown in blue (Koop, 
Hartley, and Bourgeois 1984). The CRP regulation region on WT adenylate cyclase is 
shown in red.  
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Figure 4.5: Growth yield of strains with altered adenylate cyclase. NCM3722, strain 
A1, and A1 mimic were grown for 24 hours in M9/xylose. OD was monitored hourly during 




Figure 4.6: The crystal structure of CRP bound to cAMP and DNA. The CRP 
holoenzyme is a homodimer (A). DNA is shown in black, DNA binding region of CRP is 
shown in green near the DNA, CRP is shown in gray, the location of A37T is shown in 
blue, the molecule in the structure is cAMP and is positioned near the cAMP binding site. 




Figure 4.7: Growth yield of strains with altered cAMP-receptor protein. NCM3722, 
strain A5 and A5 mimic were grown for 24 hours in M9/xylose. OD was monitored hourly 





Figure 4.8: Microscope image of stationary phase E. coli strains enriched in 
emulsion-based media. Evolved and engineered strains, as well as wild type NCM3722, 
were grown for 24 hours in M9/xyl at 37 C. Cells were viewed under a microscope to see 
shape and size.  NCM3722 (A), A1 (B), A5 (C), A1 mimic (D), A5 mimic (E). Scale bar 




Figure 4.9: Xylose consumption in evolved and engineered strains. E. coli strains 
were grown for 24 hours in flasks with shaking at 37 C. Xylose was monitored at several 
time points for adenylate cyclase (A) and CRP (B) mutants. In both cases, WT NCM3722 




Figure 4.10: Mixed acid production in NCM3722 and both evolved and engineered 
strains. E. coli strains were grown for 24 hours in flasks with shaking at 37 C. Acetate (A, 
B), formate (C, D), and lactate (E, F) were monitored at several time points.  
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Figure 4.11: Promoter fusions to test gene expression in strain A1 and A5. The three 
promoter fusions we are using to study gene expression in our evolved strains involved 
xylose metabolism (xylAB) and transport (xylFGH and xylE) 
  
133 
CHAPTER 5: REFERENCES 
 
Aharoni A, Amitai G, Bernath K, Magdassi S, Tawfik DS. 2005. "High-Throughput Screening of 
Enzyme Libraries: Thiolactonases Evolved by Fluorescence-Activated Sorting of Single 
Cells in Emulsion Compartments." Cell Press:1281-1289. doi: 
10.1016/j.chembiol.2005.09.012. 
Akanuma, G., A. Kobayashi, S. Suzuki, F. Kawamura, Y. Shiwa, S. Watanabe, H. Yoshikawa, R. 
Hanai, and M. Ishizuka. 2014. "Defect in the formation of 70S ribosomes caused by lack 
of ribosomal protein L34 can be suppressed by magnesium." J Bacteriol no. 196 
(22):3820-30. doi: 10.1128/JB.01896-14. 
Austin, P., K. S. Hand, and M. Elia. 2015. "Factors Influencing Escherichia coli and Enterococcus 
durans Growth in Parenteral Nutrition With and Without Lipid Emulsion to Inform 
Maximum Duration of Infusion Policy Decisions." Journal of Parenteral & Enteral 
Nutrition:vol. 39 no. 8 953-965. 
Axe, D. D., and J. E. Bailey. 1995. "Transport of lactate and acetate through the energized 
cytoplasmic membrane of Escherichia coli." Biotechnol Bioeng no. 47 (1):8-19. doi: 
10.1002/bit.260470103. 
Baba, Tomoya, Takeshi Ara, Miki Hasegawa, Yuki Takai, Yoshiko Okumura, Miki Baba, Kirill A. 
Datsenko, Masaru Tomita, Barry L. Wanner, and Hirotada Mori. 2006. "Construction of 
Escherichia coli K-12 in-frame, single-gene knockout mutants: the Keio collection." 
Molecular Systems Biology no. 2:2006.0008-2006.0008. doi: 10.1038/msb4100050. 
Bachmann, H., M. Fischlechner, I. Rabbers, N. Barfa, F. Branco dos Santos, D. Molenaar, and B. 
Teusink. 2013. "Availability of public goods shapes the evolution of competing metabolic 
strategies." Proc Natl Acad Sci U S A no. 110 (35):14302-7. doi: 
10.1073/pnas.1308523110. 
Bachmann., Barbara J. 1996. "Derivations and Genotypes of Some Mutant Derivatives of 
Escherichia coli K-12. ." In Escherichia coli and Salmonella, edited by Neidhardt, 
2460 − 2488 . Washington DC: ASM Press. 
134 
Baez, Antonino, Amit Kumar, Ashish K. Sharma, Eric D. Anderson, and Joseph Shiloach. 2019. 
"Effect of amino acids on transcription and translation of key genes in E. coli K and B 
grown at a steady state in minimal medium." New Biotechnology no. 49:120-128. doi: 
https://doi.org/10.1016/j.nbt.2018.10.004. 
BD. 2006. BD Bionutrients ™  Technical Manual. Advanced Bioprocessing. 
Berg, O. G., and P. H. von Hippel. 1988. "Selection of DNA binding sites by regulatory proteins. 
II. The binding specificity of cyclic AMP receptor protein to recognition sites." J Mol 
Biol no. 200 (4):709-23. 
Buhr DL, Acca FE, Holland EG, Johnson K, Maksymiuk GM, Vaill A, Kay BK, Weitz DA, Weiner 
MP, Kiss MM. 2012. "Use of micro-emulsion technology for the directed evolution of 
antibodies." PubMed:28-33. 
Campos-Bermudez, V. A., F. P. Bologna, C. S. Andreo, and M. F. Drincovich. 2010. "Functional 
dissection of Escherichia coli phosphotransacetylase structural domains and analysis 
of key compounds involved in activity regulation." FEBS J no. 277 (8):1957-66. doi: 
10.1111/j.1742-4658.2010.07617.x. 
Chávez-Béjar, María I., Victor E. Balderas-Hernandez, Aída Gutiérrez-Alejandre, Alfredo 
Martinez, Francisco Bolívar, and Guillermo Gosset. 2013. "Metabolic engineering of 
Escherichia coli to optimize melanin synthesis from glucose." Microbial Cell Factories 
no. 12 (1):108. doi: 10.1186/1475-2859-12-108. 
Choi, Jong Hyun, Ki Chang Keum, and Sang Yup Lee. 2006. "Production of recombinant proteins 
by high cell density culture of Escherichia coli." Chemical Engineering Science no. 61 
(3):876-885. doi: https://doi.org/10.1016/j.ces.2005.03.031. 
Christensen, D. G., J. S. Orr, C. V. Rao, and A. J. Wolfe. 2017. "Increasing Growth Yield and 
Decreasing Acetylation in Escherichia coli by Optimizing the Carbon-to-Magnesium 
Ratio in Peptide-Based Media." Appl Environ Microbiol no. 83 (6). doi: 
10.1128/aem.03034-16. 
Clark, D. P. 1989. "The fermentation pathways of Escherichia coli." FEMS Microbiol Rev no. 5 
(3):223-34. doi: 10.1111/j.1574-6968.1989.tb03398.x. 
135 
Cohen, S. N., A. C. Chang, H. W. Boyer, and R. B. Helling. 1973. "Construction of biologically 
functional bacterial plasmids in vitro." Proc Natl Acad Sci U S A no. 70 (11):3240-4. 
Cooper, T. F., and R. E. Lenski. 2010. "Experimental evolution with E. coli in diverse resource 
environments. I. Fluctuating environments promote divergence of replicate 
populations." BMC Evolutionary Biology:DOI: 10.1186/1471-2148-10-11. 
Coughlin, R. T., S. Tonsager, and E. J. McGroarty. 1983. "Quantitation of metal cations bound 
to membranes and extracted lipopolysaccharide of Escherichia coli." Biochemistry no. 
22 (8):2002-7. 
Cowan, J. A. 1998. "Metal Activation of Enzymes in Nucleic Acid Biochemistry." Chem Rev no. 
98 (3):1067-1088. 
Crick, F. H., L. Barnett, S. Brenner, and R. J. Watts-Tobin. 1961. "General nature of the genetic 
code for proteins." Nature no. 192:1227-32. 
Daniel, J., and A. Danchin. 1986. "2-Ketoglutarate as a possible regulatory metabolite involved 
in cyclic AMP-dependent catabolite repression in Escherichia coli K12." Biochimie no. 
68 (2):303-10. 
Datsenko, K. A., and B. L. Wanner. 2000. "One-step inactivation of chromosomal genes in 
Escherichia coli K-12 using PCR products." Proc Natl Acad Sci U S A no. 97 (12):6640-
5. doi: 10.1073/pnas.120163297. 
De Mey, M., S. De Maeseneire, W. Soetaert, and E. Vandamme. 2007. "Minimizing acetate 
formation in E. coli fermentations." J Ind Microbiol Biotechnol no. 34 (11):689-700. doi: 
10.1007/s10295-007-0244-2. 
Deatherage, D. E., and J. E. Barrick. 2014. "Identification of mutations in laboratory-evolved 
microbes from next-generation sequencing data using breseq." Methods Mol Biol no. 
1151:165-88. doi: 10.1007/978-1-4939-0554-6_12. 
Dittrich, C. R., G. N. Bennett, and K. Y. San. 2005. "Characterization of the acetate-producing 
pathways in Escherichia coli." Biotechnol Prog no. 21 (4):1062-7. doi: 
10.1021/bp050073s. 
136 
Doucette, C. D., D. J. Schwab, N. S. Wingreen, and J. D. Rabinowitz. 2011. "alpha-Ketoglutarate 
coordinates carbon and nitrogen utilization via enzyme I inhibition." Nat Chem Biol no. 
7 (12):894-901. 
Ebright, R. H., Y. W. Ebright, and A. Gunasekera. 1989. "Consensus DNA site for the Escherichia 
coli catabolite gene activator protein (CAP): CAP exhibits a 450-fold higher affinity for 
the consensus DNA site than for the E. coli lac DNA site." Nucleic acids research no. 
17 (24):10295-10305. 
Eiteman, M. A., and E. Altman. 2006. "Overcoming acetate in Escherichia coli recombinant 
protein fermentations." Trends Biotechnol no. 24 (11):530-6. doi: 
10.1016/j.tibtech.2006.09.001. 
Ellefson, J. W., and et al. 2014. "Directed evolution of genetic parts and circuits by 
compartmentalized partnered replication." Nature Biotechnology:97-101. 
Foster, A. W., D. Osman, and N. J. Robinson. 2014. "Metal preferences and metallation." J Biol 
Chem no. 289 (41):28095-103. doi: 10.1074/jbc.R114.588145. 
Fowler, Matthew L., Cheryl J. Ingram-Smith, and Kerry S. Smith. 2011. "Direct Detection of 
the Acetate-forming Activity of the Enzyme Acetate Kinase." Journal of Visualized 
Experiments : JoVE (58):3474. doi: 10.3791/3474. 
Ghadessy, F., and P. Holliger. 2007. "Compartmentalized self-replication: a novel method for 
the directed evolution of polymerases and other enzymes." Methods Mol Biol:237-248. 
Ghadessy, F. J., J. L. Ong, and P. Holliger. 2001. "Directed evolution of polymerase function by 
compartmentalized self-replication." Proc Natl Acad Sci U S A.:4552-4557. 
Gibson, D. G., L. Young, R. Y. Chuang, J. C. Venter, C. A. Hutchison, 3rd, and H. O. Smith. 2009. 
"Enzymatic assembly of DNA molecules up to several hundred kilobases." Nat Methods 
no. 6 (5):343-5. doi: 10.1038/nmeth.1318. 
Gimenez, R., M. F. Nunez, J. Badia, J. Aguilar, and L. Baldoma. 2003. "The gene yjcG, 
cotranscribed with the gene acs, encodes an acetate permease in Escherichia coli." J 
Bacteriol no. 185 (21):6448-55. 
137 
Green, Jeffrey, Melanie R. Stapleton, Laura J. Smith, Peter J. Artymiuk, Christina 
Kahramanoglou, Debbie M. Hunt, and Roger S. Buxton. 2014. "Cyclic-AMP and bacterial 
cyclic-AMP receptor proteins revisited: adaptation for different ecological niches." 
Current opinion in microbiology no. 18 (100):1-7. doi: 10.1016/j.mib.2014.01.003. 
Groisman, E. A., J. Kayser, and F. C. Soncini. 1997. "Regulation of polymyxin resistance and 
adaptation to low-Mg2+ environments." J Bacteriol no. 179 (22):7040-5. 
Heyduk, Tomasz, and James C. Lee. 1989. "Escherichia coli cAMP receptor protein: evidence 
for three protein conformational states with different promoter binding affinities." 
Biochemistry no. 28 (17):6914-6924. doi: 10.1021/bi00443a021. 
Inada, T., H. Takahashi, T. Mizuno, and H. Aiba. 1996. "Down regulation of cAMP production by 
cAMP receptor protein in Escherichia coli: an assessment of the contributions of 
transcriptional and posttranscriptional control of adenylate cyclase." Mol Gen Genet 
no. 253 (1-2):198-204. 
Ishihama, A., T. Shimada, and Y. Yamazaki. 2016. "Transcription profile of Escherichia coli: 
genomic SELEX search for regulatory targets of transcription factors." Nucleic Acids 
Res no. 44 (5):2058-74. doi: 10.1093/nar/gkw051. 
Iuchi, S., and E. C. Lin. 1988. "arcA (dye), a global regulatory gene in Escherichia coli mediating 
repression of enzymes in aerobic pathways." Proc Natl Acad Sci U S A no. 85 (6):1888-
92. 
Jacob, F., and J. Monod. 1961. "Genetic regulatory mechanisms in the synthesis of proteins." 
J Mol Biol no. 3:318-56. 
Jagtap, Sujit Sadashiv, and Christopher V. Rao. 2018. "Microbial conversion of xylose into 
useful bioproducts." Applied Microbiology and Biotechnology no. 102 (21):9015-9036. 
doi: 10.1007/s00253-018-9294-9. 
Kaspar, Hannelore, Katja Dettmer, Wolfram Gronwald, and Peter J. Oefner. 2008. "Automated 
GC– MS analysis of free amino acids in biological fluids." Journal of Chromatography 
B no. 870 (2):222-232. doi: https://doi.org/10.1016/j.jchromb.2008.06.018. 
138 
Keammerer D, Mayhall CG, Hall GO, Pesko LJ, Thomas RB. 1983. "Microbial growth patterns 
in intravenous fat emulsions." American Journal of Health-System Pharmacy:1650-
1653. 
Keseler, I. M., J. Collado-Vides, S. Gama-Castro, J. Ingraham, S. Paley, I. T. Paulsen, M. Peralta-
Gil, and P. D. Karp. 2005. "EcoCyc: a comprehensive database resource for Escherichia 
coli." Nucleic Acids Res no. 33 (Database issue):D334-7. doi: 10.1093/nar/gki108. 
Klein, A. H., A. Shulla, S. A. Reimann, D. H. Keating, and A. J. Wolfe. 2007. "The intracellular 
concentration of acetyl phosphate in Escherichia coli is sufficient for direct 
phosphorylation of two-component response regulators." J Bacteriol no. 189 (15):5574-
81. doi: 10.1128/JB.00564-07. 
Koop, A. H., M. Hartley, and S. Bourgeois. 1984. "Analysis of the cya locus of Escherichia coli." 
Gene no. 28 (2):133-46. 
Kuhn, M. L., B. Zemaitaitis, L. I. Hu, A. Sahu, D. Sorensen, G. Minasov, B. P. Lima, M. Scholle, 
M. Mrksich, W. F. Anderson, B. W. Gibson, B. Schilling, and A. J. Wolfe. 2014. "Structural, 
kinetic and proteomic characterization of acetyl phosphate-dependent bacterial protein 
acetylation." PLoS One no. 9 (4):e94816. doi: 10.1371/journal.pone.0094816. 
Laursen, B. S., H. P. Sørensen, K. K. Mortensen, and H. U. Sperling-Petersen. 2005. "Initiation 
of protein synthesis in bacteria." Microbiol Mol Biol Rev no. 69 (1):101-23. doi: 
10.1128/MMBR.69.1.101-123.2005. 
Lynch, A. S., and E. C. Lin. 1996. "Transcriptional control mediated by the ArcA two-component 
response regulator protein of Escherichia coli: characterization of DNA binding at target 
promoters." J Bacteriol no. 178 (21):6238-49. 
Martinez, K. A., 2nd, R. D. Kitko, J. P. Mershon, H. E. Adcox, K. A. Malek, M. B. Berkmen, and J. 
L. Slonczewski. 2012. "Cytoplasmic pH response to acid stress in individual cells of 
Escherichia coli and Bacillus subtilis observed by fluorescence ratio imaging 
microscopy." Appl Environ Microbiol no. 78 (10):3706-14. doi: 10.1128/aem.00354-12. 
Melly, M. A., H. C. Meng., and W. Schaffner. 1975. "Microbial Growth in Lipid Emulsions Used in 
Parenteral Nutrition." JAMA Surgery:1479-1481. 
139 
Moncany, M. L., and E. Kellenberger. 1981. "High magnesium content of Escherichia coli B." 
Experientia no. 37 (8):846-7. 
Mukhopadhyay, Jayanta, Runa Sur, and Pradeep Parrack. 1999. "Functional roles of the two 
cyclic AMP-dependent forms of cyclic AMP receptor protein from Escherichia coli." 
FEBS Letters no. 453 (1):215-218. doi: https://doi.org/10.1016/S0014-5793(99)00719-
X. 
Neidhardt, F. C., P. L. Bloch, and D. F. Smith. 1974. "Culture medium for enterobacteria." J 
Bacteriol no. 119 (3):736-47. 
Nikaido, Hiroshi. 2016. The Limitations of LB Medium  20092016]. Available from 
http://schaechter.asmblog.org/schaechter/2009/11/the-limitations-of-lb-
medium.html. 
Orr, J. S., D. G. Christensen, A. J. Wolfe, and C. V. Rao. 2018. "Extracellular Acidic pH Inhibits 
Acetate Consumption by Decreasing Gene Transcription of the Tricarboxylic Acid Cycle 
and the Glyoxylate Shunt." J Bacteriol no. 201 (2):00410-18. 
Passner, J. M., and T. A. Steitz. 1997. "The structure of a CAP– DNA complex having two 
cAMP molecules bound to each monomer." Proceedings of the National Academy of 
Sciences no. 94 (7):2843. doi: 10.1073/pnas.94.7.2843. 
Pellicer, M. T., C. Fernandez, J. Badia, J. Aguilar, E. C. Lin, and L. Baldom. 1999. "Cross-
induction of glc and ace operons of Escherichia coli attributable to pathway intersection. 
Characterization of the glc promoter." J Biol Chem no. 274 (3):1745-52. 
Pfaffl, M. W. 2001. "A new mathematical model for relative quantification in real-time RT-
PCR." Nucleic Acids Res no. 29 (9):e45. 
Phillips, D. M. 1963. "The presence of acetyl groups of histones." The Biochemical journal no. 
87 (2):258-263. 
Pontes, M. H., A. Sevostyanova, and E. A. Groisman. 2015. "When Too Much ATP Is Bad for 
Protein Synthesis." J Mol Biol no. 427 (16):2586-94. doi: 10.1016/j.jmb.2015.06.021. 
140 
Prüss, B. M., and A. J. Wolfe. 1994. "Regulation of acetyl phosphate synthesis and degradation, 
and the control of flagellar expression in Escherichia coli." Mol Microbiol no. 12 (6):973-
84. 
Reitzer, L. 2003. "Nitrogen assimilation and global regulation in Escherichia coli." Annu Rev 
Microbiol no. 57:155-76. doi: 10.1146/annurev.micro.57.030502.090820. 
Reitzer, L. 2004. "Biosynthesis of Glutamate, Aspartate, Asparagine, L-Alanine, and D-
Alanine." EcoSal Plus no. 1 (1). doi: 10.1128/ecosalplus.3.6.1.3. 
Roseman, S., and N. D. Meadow. 1990. "Signal transduction by the bacterial phosphotransferase 
system. Diauxie and the crr gene (J. Monod revisited)." J Biol Chem no. 265 (6):2993-
6. 
Rosenthal, A. Z., Y. Kim, and J. D. Gralla. 2008. "Regulation of transcription by acetate in 
Escherichia coli: in vivo and in vitro comparisons." Mol Microbiol no. 68 (4):907-17. doi: 
10.1111/j.1365-2958.2008.06186.x. 
Roy, Anne, Antoine Danchin, Evelyne Joseph, and Agnes Ullmann. 1983. "Two functional 
domains in adenylate cyclase of Escherichia coli." Journal of Molecular Biology no. 165 
(1):197-202. doi: https://doi.org/10.1016/S0022-2836(83)80251-4. 
Sa-Pessoa, J., S. Paiva, D. Ribas, I. J. Silva, S. C. Viegas, C. M. Arraiano, and M. Casal. 2013. 
"SATP (YaaH), a succinate-acetate transporter protein in Escherichia coli." Biochem 
J no. 454 (3):585-95. doi: 10.1042/bj20130412. 
Saha, Abinit, Jayanta Mukhopadhyay, Ajit Bikram Datta, and Pradeep Parrack. 2015. "Revisiting 
the mechanism of activation of cyclic AMP receptor protein (CRP) by cAMP in 
Escherichia coli: Lessons from a subunit-crosslinked form of CRP." FEBS Letters no. 
589 (3):358-363. doi: https://doi.org/10.1016/j.febslet.2014.12.021. 
Schilling, B., D. Christensen, R. Davis, A. K. Sahu, L. I. Hu, A. Walker-Peddakotla, D. J. Sorensen, 
B. Zemaitaitis, B. W. Gibson, and A. J. Wolfe. 2015. "Protein acetylation dynamics in 
response to carbon overflow in Escherichia coli." Mol Microbiol. doi: 10.1111/mmi.13161. 
141 
Schilling, Birgit, Nathan Basisty, David G. Christensen, Dylan Sorensen, James S. Orr, Alan J. 
Wolfe, and Christopher V. Rao. 2019. "Global lysine acetylation in Escherichia coli 
results from growth conditions that favor acetate fermentation." Journal of 
bacteriology:JB.00768-18. doi: 10.1128/jb.00768-18. 
Schneider, C. A., W. S. Rasband, and K. W. Eliceiri. 2012. "NIH Image to ImageJ: 25 years of 
image analysis." Nat Methods no. 9 (7):671-5. 
Sezonov, G., D. Joseleau-Petit, and R. D'Ari. 2007. "Escherichia coli physiology in Luria-Bertani 
broth." J Bacteriol no. 189 (23):8746-9. doi: 10.1128/JB.01368-07. 
Skarstedt, M. T., and E. Silverstein. 1976. "Escherichia coli acetate kinase mechanism studied 
by net initial rate, equilibrium, and independent isotopic exchange kinetics." J Biol Chem 
no. 251 (21):6775-83. 
Sramek, S. J., and F. E. Frerman. 1975. "Purification and properties of Escherichia coli 
coenzyme A-transferase." Arch Biochem Biophys no. 171 (1):14-26. 
Sreedhara, A., and J. A. Cowan. 2002. "Structural and catalytic roles for divalent magnesium 
in nucleic acid biochemistry." Biometals no. 15 (3):211-23. 
Starai, V. J., and J. C. Escalante-Semerena. 2004. "Identification of the protein 
acetyltransferase (Pat) enzyme that acetylates acetyl-CoA synthetase in Salmonella 
enterica." J Mol Biol no. 340 (5):1005-12. doi: 10.1016/j.jmb.2004.05.010. 
Szewczak, J., A. Bierczyńska-Krzysik, M. Piejko, P. Mak, and D. Stadnik. 2015. "Isolation and 
Characterization of Acetylated Derivative of Recombinant Insulin Lispro Produced in 
Escherichia coli." Pharm Res no. 32 (7):2450-7. doi: 10.1007/s11095-015-1637-y. 
Tao, H., C. Bausch, C. Richmond, F. R. Blattner, and T. Conway. 1999. "Functional genomics: 
expression analysis of Escherichia coli growing on minimal and rich media." Journal of 
bacteriology no. 181 (20):6425-6440. 
Thomason, L. C., N. Costantino, and D. L. Court. 2007. "E. coli genome manipulation by P1 
transduction." Curr Protoc Mol Biol no. 1 (1). 
142 
Tsuruta, H., C. J. Paddon, D. Eng, J. R. Lenihan, T. Horning, L. C. Anthony, R. Regentin, J. D. 
Keasling, N. S. Renninger, and J. D. Newman. 2009. "High-level production of amorpha-
4,11-diene, a precursor of the antimalarial agent artemisinin, in Escherichia coli." PLoS 
One no. 4 (2):e4489. doi: 10.1371/journal.pone.0004489. 
Unden, G., and J. Bongaerts. 1997. "Alternative respiratory pathways of Escherichia coli: 
energetics and transcriptional regulation in response to electron acceptors." Biochimica 
et Biophysica Acta (BBA) - Bioenergetics no. 1320 (3):217-234. doi: 
https://doi.org/10.1016/S0005-2728(97)00034-0. 
van Heeswijk, Wally C., Hans V. Westerhoff, and Fred C. Boogerd. 2013. "Nitrogen Assimilation 
in Escherichia coli: Putting Molecular Data into a Systems Perspective." Microbiology 
and Molecular Biology Reviews no. 77 (4):628. doi: 10.1128/mmbr.00025-13. 
van Maris, A. J., W. N. Konings, J. P. van Dijken, and J. T. Pronk. 2004. "Microbial export of 
lactic and 3-hydroxypropanoic acid: implications for industrial fermentation processes." 
Metab Eng no. 6 (4):245-55. doi: 10.1016/j.ymben.2004.05.001. 
Vazquez, Alexei. 2017. Overflow Metabolism: From Yeast to Marathon Runners. Cambridge, 
MA: Academic Press. 
Weinert, B. T., V. Iesmantavicius, S. A. Wagner, C. Scholz, B. Gummesson, P. Beli, T. Nystrom, 
and C. Choudhary. 2013. "Acetyl-phosphate is a critical determinant of lysine 
acetylation in E. coli." Mol Cell no. 51 (2):265-72. doi: 10.1016/j.molcel.2013.06.003. 
Weinert, B. T., V. Iesmantavicius, S. A. Wagner, C. Schölz, B. Gummesson, P. Beli, T. Nyström, 
and C. Choudhary. 2013. "Acetyl-phosphate is a critical determinant of lysine 
acetylation in E. coli." Mol Cell no. 51 (2):265-72. doi: 10.1016/j.molcel.2013.06.003. 
Wilson, K. 2001. "Preparation of genomic DNA from bacteria." Curr Protoc Mol Biol no. Chapter 
2:Unit 2 4. doi: 10.1002/0471142727.mb0204s56. 
Wolfe, A. J. 2005. "The acetate switch." Microbiol Mol Biol Rev no. 69 (1):12-50. doi: 
10.1128/MMBR.69.1.12-50.2005. 
143 
Wolfe, A. J. 2010. "Physiologically relevant small phosphodonors link metabolism to signal 
transduction." Curr Opin Microbiol no. 13 (2):204-9. doi: 10.1016/j.mib.2010.01.002. 
Yu, B. J., J. A. Kim, J. H. Moon, S. E. Ryu, and J. G. Pan. 2008. "The diversity of lysine-
acetylated proteins in Escherichia coli." J Microbiol Biotechnol no. 18 (9):1529-36. 
 
 
